A, 


we 


OF THE 


ay 


“AMERICAN” SOCIETY OF. CIVIL ENGINEERS. 


VOL. 


SEPTEMBER, 


| 


Kl 


No. 


r 


~ 


TECHNICA: 


PAPE 


tithes 


“% 


AND 


DISCUSSIONS 


“Sanat we 


as 


as 


ie. tei way 


f 


‘Beer 


Published monthly, except June and July, at 99-129 North Broadway, Albany, N. Y., by a 
the American Society of Civil Engineers, Editorial. and General Offices at 33 yess oat 
Thirty-ninth. Street, New York, N. Y. Reprints from this publication may be 
Bee condition © that the full title of Paper, name of Author, page 
reference, and date of by the Society, are 


0 per annum, Price ‘$1. 00 | per 


Copyright, 1935, by the Society. or Civin ENGINEERS» 


| 
— 
— 
— 
— 
— 
= — 
— 
— 
&§ 
4 2 
ad 
f March 3, 1879. Acceptance — 
under the Act o 
— 
| 


An Asymmetric Probability Function. J. glade, Jr. 
Discussion (Author’s: closure) . _Dec., 1934, Jan., Feb., Mar., Apr., 


Analysis of Continuous “Structures, by Traversing the Elastic Curves. 
Ralph W. Stewart _Oct., 


Discussion (Author’s closure) » 1985 


The Silt Problem. Stevens... 
Discussion... 


Eldred B. Murer 


_ Discussion 


The Springwells Filtration Plant, Detroit, Michigan. Eugene A. Hardin... .Nov. 
Analysis of Multiple Arches. Alezander ‘ .Dec., 


‘Blastic Properties of Riveted Connections. J. Charles Rathbun. . 1935 
_ ‘Discussion Fe. Aug., 1935 Oct... 


Analysis of Thick Arch Dems, Tneinding Abutment Yield. Philip  Oravite. .Jan., 1935 
Discussion “Sept., 1935 19 
Herbert 
May, Aug. 1935 
The Hydraulic Jump in Terms of Dynamic ‘Similarity. Boris A.  Bakh- 
Frictional in. Artificially Roughened Pipes. I ..Feb., 1935 
Discussion 4 
tabilizing Constructed Masonry Dams by Means» of Cement Injections. 
Weights of Metal in Steel Trusses. J. A. L. Waddell................ 
Load Action on Thin Cylindrical Shells. Herman Schorer..... oo oe 


Underground K. H. Logan .Mar., 
Aug., 1935 Nov., 1995 


.Apr., 1935 
1935 Nov.. 1935 

8 
1935 Nov., 1935 
Photo- Elastic Determination of Shrinkage Stresses. Howard G. Smits....... 4 i 


May, 1985. 
_Aug., 1985 Nov., 193i 


"Distribution of Stresses under a Foundation. A. EB. Cummings. 19850 Nov.. 1988 


ome Low-Temperature of Bituminous Paving Compositions, 198 
Hugh Ww. Skidmore .. Nov.. 1985 


ailure Theories of Materials | Subjected to ‘Combined Joseph: Marin. Aug., 1935 5 Nov.. 1935 


Notg.—The closing dates herein published, except when names of prospective 


| 
— 
— 
— 
— 
Discussion 


TATION PLUMES 


PAPERS 
laptation ¢ of Venturi Flumes to Flow Measurements i in Conduits. 
7 Harold K. Palmer, M. Am. Soe. Cc. E., and Fred D. Bowlus, M. Am. Soc. 


~The Stress Funetion and PhotoHlaticity A — to Dams. 


A. Brahtz, Bsq..... 


Flood Erosion Control Problems and Their Solution. 


By B. Courtland Eaton, M. Am. Soc. C. E 


SSIO N 
on An An Asymmetric Probability Function. 


ay Analysis of — Structures by Traversing the Elastic Curves. — 
Ralph W. Stewart, M. Am. Soc. C. E. 


M. Am. Soc. 


a 


= 
95 
1935 = 
98 
4 


SEPTEMBER, 


By Messrs. I. M. Nelidov, and A. Floris | 
The F Hydraulic Jump in ‘Terms of Dynamic Similarity. 


By Messrs. . Page, ‘Andrei I. Tvanchenko, and F. Mavis Luksch . 1098 
Stabilizing Constructed d Masonry Dams Means of Cement Injections. 


| 


Line Load Action on Thin Cylindrical ‘Shells, 


Figs ‘By Mesers. Thomas H. Evans, and I. K. . Silverman 


Index all Papers, the discussion of which is ‘current’ in 


y is not “responsible for any y statement made opinion 


| 


ite 


filan 

sing 


cop 
DY 
— 
| 
— 
8 
ald 
— 
at 
— conv 
conv 
— 
— 
— 
— up 
cond 
— 
Vent 
weir, 
— = 


won wots seating. ol 


BY HAROLD K. PALMER’ M. AM. Soc. AND FRED D. BOWLUs?’ 


i 
de 


eaati arp angle at the face and the ‘siti ot that the f flow is 
convex where it passes the critical section introduce ‘energy. losses between 


the point of measurement — the control section, the | ‘amount of these losses 


depending upon the setting of. ‘the weir in the channel. The ordinary weir 


formula is an empirical equation that is accurate only as long as the funda- — 


‘mental: conditions upon which | it. was developed can be duplicated. ‘These 


conditions can rarely be complied in confined | such as a sewer 


paper presents the theoretical hydraulic principles involved, and the 

results of special tests made, in the adaptation and construction of various 
Venturi flumes for measuring flow i in conduits of uniform cross-section , where 


oe Since the uncertainties or variations in weir coefficients are due to indeter 


minable energy losses, Gt is “reasonable to suppose that if these losses. can 


eliminated or reduced to a negligible amount by the use of some other device, 

the uncertainties in the rating curve will be eliminated. "Such conditions are 
found in the so-~ -called Venturi flume which, in this paper, includes any stream- 
lined device placed i in an open ¢ channel, ora a closed ¢ channel partly full, noice 


constriction to cause water to flow at critical depth with 
Any shape of throat may w can be 


depth ‘measurement, using a curve from formu las. 


‘Several of ‘these Venturi flumes have been constructed, including one that 


Notr.—Discussion on this paper will be in December, 1935 Proceedings. 
ta Chf, Draftsman, Los Angeles County Sanitation Dists., Los Angeles, Calif. oot irs, 
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; ee was simply a flat slab on the ‘bottom, and had no si 


ing curve may be give graphs for 


INTRODUCTION — Yor, TAT TA 
Weirs have long been considered the standard for. ‘measuring run- 
A ning water, but their use involves empirical formulas, and they must be built. 
one age under restricted | conditions, ‘unattainable in many classes of conduits, The 
ee ponding effect of the water up stream from the weir causes deposits of sus- 
pended matter which often alter the hydraulic ‘conditions so that the empirical 
- formula fails to give the correct flow. In the case of sewers, sludge deposited 
ig int this ‘manner will decompose i in time and become an added source of trouble. 
Another objection to the use of weirs in a closed ‘conduit is the relatively large 


Many factors affect the proper installation of weirs as shown by Schoder 


for a fair degree of accuracy; for instance, ‘the distances 
he from the bottom and sides of the channel to the edges” of the weir must not 

be less than _ twice the depth of water over the weir, and the channel above 

ey the weir for a distance of 20 or 30 ft must have a snenndin sectional area at least 

o six times that of f the over- ‘flowing ‘sheet eet of water at the weir crest. When 
depth the water passing: over weir exceeds three-tenths of its 

u have found that the andar’ 
formulas i indicate quantities that are too small, The error ranges from zero 


at three-tenths to 30% when the depth equals its width. These restrictions 
limit the of the weir to about of the capacity of a closed d conduit. 


it : gives a minimum of ponding and the frictional losses, being s small, result 
in. little, Toss of head. However, it has the. disadvantage of requiring “the 


s-section as well as the velocity of the water 


% a flowing in the throat. This has only been possible in the past by making 


| Use of the Parshall meter,’ which is one form of a Venturi flume, obviates 


oe some of the difficulties previously “mentioned, but it is not readily installed 
in conduits already constructed because of the required é 3-in. drop i in the invert 


grade at the throat. | It could scarcely be adapted to an existing, standard 


é s sewer manhole, say, 4 ft i in diameter. . In the design of a new system of con- 


R 


M. Am. and the late 


a « “Measurement of Irrigation Water”, U. aj ‘Dept. ‘of Interior, Bureau of Reclamation. 
“The Venturi Flume”, by R. L.. Parshall, Sas 
Transactions, Am. Soc. C. B., Vol, 89 » 
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- mined and a few inches of gtade | sacrificed, Parshall meters could be (nd 
have been) installed to advantage. have certain ‘disadvantages: in the a 
continuous of sewage, ‘requiring daily inspection when : a week 
or more of record is required, because the orifice between the channel and ss 


wet- ‘well often becomes clogged a and ‘the formation sludge’ after a 


i Nes Ordinary Venturi tubes may also be used for liquid flow measurement, but oa. 
danger | structures are required for their installation. Such. a tube 
- ‘entirely submerged and in sewers this is likely to prevent the proper handling — 
of light floating material. — Its efficiency is often impaired by clogging of the é 
pressure recording pipes and, including the recorders, the initial ‘installation 
is more costly than the weir and stage recorder units. al 


1920, placing a a constriction in a channel 


The following analysis of the adaptation of the Venturi 


measurements of regular crose- section is no 


= The investigations herein reported were made in connection with a “wen 3 f 


4 sewerage system and as sewage presents ‘most of the difficulties ide 
in the other classes: of water, the word, will be used ‘subsequently 
to denote water that carries settleable solids. 

Tn | passing, it be stated that an measurement of sewage 


pron various parts of a ‘sewerage system is quite e+ soon order t to be 
additional ‘pump capacity w 


"apportion costs to respective ‘participants. as a check on 1 pump: 
ing efficiency and power requirements, knowledge of f the actual sewage flow 
is 3 necessary. af An accurate g gauge of the flow is required for efficient and eco- 
-nomical operation, where pre- -chlorination* is practiced Since the chlorine feed 
depends on both the strength and the quantity of the ‘sewage. ‘One difficulty 
encountered in an accurate measurement of sewage flow in new sewerage 
_ works is the fact that a sewer is usually constructed of a greater , 
‘ea 4 is required at the time it is first placed in operation. . The flow in ‘the 
Tine is then relatively shallow. Nn! Furthermore, in a new system of any large 


. **Venturi Flume Data Throws Light Upon Control Weir”, by Julian Hinds, M . 
Soc. C. E., Engineering News-Record (1920), £296. 
‘tou “The Improved Venturi Flume”. by R. L. Parshall, ‘M. Am. Soc. C. E., dis- 
- cussion by Julian Hinds, M. Am. Soc. C. B., Transactions, Am. Soc. C. B., Vol. 89 (i936), es 

esi “Control of sete 24 Condition by Chlorination”, by F. D. Bowlus, and A. P. Banta, ~ 
Assoc. Members, Am Am Soc: C. B and November 1932, Vol. 79 
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tively and many ‘measuring devices whieh might | be ‘satisfactory 
time would prove totally inadequate at a later date. . Sewage ‘flows range 


~ from a minimum in the early morning to a ‘maximum of as much as two or 
_ three times the m minimum amount fetes in the day; it will also vary from day 
to 
Difficulties encountered with ordinary weirs and other similar devices in 
measurement of | sewage indicate that the most satisfactory ‘meter would 
of a stream-lined flume, with minimum n head loss, pre- 
“deposits of sludge’ above it; without sharp edges’ to catch rags. and 
ae: other floating refuse; and with sufficient capacity to measure the entire designed 
Rei: flow and yet be : sensitive enough to 1 record. low flows i in the first. years of ‘its, 
a The flume must be adaptable to the use of a simple float mechanism for 
_ water- -stage recording, and must be designed so as to be readily installed in 
an existing conduit with’ minimum interference to the sewage flow. This 
_ paper deals with a measuring flume designed so that ' the flow may pass without 


ponding up stream ; which offers” no ‘obstruction to floating or 


continuous ‘record of f the -water- -surface elevation at a single point. in the 


formulas developed for the are not empirical but are based 
peor on theory and can be applied to conduits of any regular size or shape. 
ae Tpmasles channels would require regulation for a short distance up stream 
by lining of some kind, of shape ‘rather than factors affecting 


The method | has developed especially for sewers, 


Nor | « of. 

Bc 

in this paper are as follows: 

5 me 

Boat 

: diameter, 

to 


= a constant in Kutter’s C AR. R. dist 


See 8 = hydraulic slope; slope of a conduit, expressed as a percentage. — 


A= and in;” AH, = difference in vel ocity heads ie throat 


head. at. critical depth. 
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According to Bernoulli’ theorem, the energy of each pound of 1 water 
ina conduit is the height of the water surface above a given datum plane, 


oe plus the velocity head. _ In passing from « one section of a conduit to another, — 


His frictional and other losses are measured by the decrease in ‘the total energy — 

head regardless o of changes in depths velocities at the two places, ‘There- 


measurement of the total energy head i is the logical b basis for the develop- ac 
in the design of a Venturi flume of the ; gen ral ype 


y theory 
illustrated i in Fig. 


et: 


= 
Wing | Diameter of Pipe Win 
CENTER OF THROAT wu LONGITUDINAL SECTION OF METER IN 24 


ths 


Under a of the flow may ‘be ‘made by mply 
Measuring the depth of the water flowing in a conduit of regular cross- “section — 
at any ‘convenient point immediately above the throat of the measuring - flume 
This is only possible when the th throat is designed to cause the water to flow eos 
through it at critical depth. For any given quantity of water, and : size 
at shape of conduit, ‘Fig. 2 shows that the energy head has a ‘minimum value — 
. a when the water is flowing at critical depth i in the throat. For a given channel 
om critical depth is a a function of the quantity of water, and attempts have — 
i been made by Woodburn’ to Use a broad- -erested weir a as a a measuring device 


recording the critical depth. However, in this case, it was found impossible 
to locate the section critical as it changed position 


4 f of the: Venturi flume, the “depth is is | uncertain, but the energy h 

ae therefore, if the throat is s designed so as to cause the water to flow at critical 

depth the depth in the conduit of the regular -cross- -section abov Wi 
be the average energy head less the velocity | head at that point, Kara for 


frictional losses, which will | be discussed subsequently. > 


*“Tests of Broad-Crested Weirs’’, by James G. Woodburn, M. Am. Soc. 
‘Transactions 87 
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1 method of measurement is. best , illustrated by reference to 

For simplicity, consider that a rectangular conduit. is contracted on 


r throat | one- -half the width of the conduit. 


as 


Heed, € infect Rate of fen, in cu ft per 
Fic. 3.—DERIVATION OF 
Ratine Curve, VEN- 
Bernoulli’ theorem, 


of discharie:! and = area of cross- section. F or 


in which. = the bottom width of a channel ; and e and d are the vari- 
ables. Ih Fis. 2, Curves Fa and T represent Equation (4) for the conduit and 5 
throat, respectively, Q being the same in both cases, Neglecting frictional 
losses there would be no loss of energy in or through the Venturi flume, and 
Q cu «ft per “sec flowed at a depth, A in the conduit, ‘it would flow at 


depth, _ A’, in the throat. Q could be determined by measuring 
these two depths, A and A The sity in as past for the t 


— Septe 
— The ment 
— Fig. 2. 
sides only, Tormyng’ a rectangulay 
ge 
evalt 
Fe, a tre 
22 to co 
t he 
cedu 
— ~~ rae which « = energy head; d = depth of flow; V = average velocity in a ree 
— dg = acceleration due to gravity. ise 
in which Q = 
and 
dept 
— 
— 
Equ 
— 


= 


been an i in ‘the | use of the Venturi flume. Q, 
cubis feet per second, flowed at the critical depth in the throat (Point Ghe:: 

ry 
its depth i in the ‘conduit would be represented by Point Oo which would be its ith 
minimum depth above the throat, because for shallower 
drawing similar pairs of curves for other values of Q, a curve. 
showing the ‘relationship between Q and d could be om, but in practice 
this requires an ‘unnecessary amount of labor. 
Roy or a given size and shape of throat, the elie: of ¢, is a definite function — 


When and Q are Hy in the e conduit can be found by trial, 

tracting this H, from e gives d (Fig. 3). 
rectangular throats, Equation (5) which will 
"evaluated from the general formula, but for other throat shapes, this becomes 
% transcendental function too complicated to be considered, and it ‘is easier (Oy: 


compute a few | points on n the cr curve prepare re the rating curve graphically. 


i, 


= 


Equatin 
Equation (6) becomes : 


(8) is the accepted quantity flowing ata critical wat 
depth i in a channel of any shape. Ze Since T= | A bs substituting the value 


4 


+5 


of Open Channels”, B. Bakhmeteff, 


— 
| — 
q 
— 
— 
— 
— 
3 oat and compute — 
At critical depts, 
— 
; 


tit a throat in 1 which A= B de, Equation (8) 


4 


Substituting th the value of obtained Equation ( in Equa- 


which is the form taken _by Equation (5) for a ‘rectangular, throat. For all ‘ 

other shapes it is necessary. to use Equations (8) and (20). 
Having drawn the quantity- ‘energy head curve for a given throat (see 
Fi ‘ig. 3), it is necessary to ‘compute and draw the -quantity-velocity head curve 
for the conduit section. . If the conduit is circular. this may be done by 


means: of Fig. 4, which gives for various depths the . velocity and velocity head 


vil 
for 1e cu ft per sec on a age seale, and, for other quantities, by. merely ne 


4 


10 


040506 08 10 #15 20 30 40 5 10 15 25 3 


=, 
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be 

a “guide” line falls on t ‘The procedure is 

— SR 


ON 
First, when and, second, when Q< 
For example, let Q= = 3cu ft per sec with water flowing 0.55 ft deep in a 
80-1 -in. Pipe. Ports a pair of dividers to the distance from 1 to 3 and measure a 


Fos 


right from the intersection of. ‘the 30-in. with 
The vertical line ‘for 3.8 ‘titer 


ef the distance 1 1. 0 to ‘the left to 0. 6 and measure this distance to the left from the ¥ 
intersection of the 36-in. with the d = 0.27— horizontal line, finding 
el vs 1. 86 ft per mica: vertical Tine for v= =1. 86 intersects ‘the guide | wk 


Sut alue of the velocity subtract it ‘from the energy head, and 
note the assumed depth. Enter Fig. 4 with these values of Q and d and read 4 
the velocity head. sof this differs materially from the assumed value, a 


: approximation should be made. To draw the velocity-head curve it is obvi- - 


rat. 


ae ously better to begin with a small value « of Q because the « error in the assumed a 
value of the velocity head is correspondingly small and one or two approxi- te 


mations are usually sufficient. It will be found that. only a . few points are 


to draw in the ‘quiantity-velocity head curve.  Ordinates on the 


-quantity- depth curve are merely the differences between the ordinates: of 


— ‘quantity-ener energy head curve and the quantity- -velocity head curve. rve. This 


curve is the ‘Tequired 


_ As an illustration of the methéd o of computing a rating curve, consider < 
‘Venturi with trapezodial ‘throat eross- section as in Fig. 1(a), in. 


All measurements are in feet and in 
ible feet per ‘Ms ‘previowily recommended, various critical 
will assumed and and « € computed. In case the formulas 


+ 
ar in Table 1. In comput-— 
heads (see Table 2), it must be remembered that 
oft the throat i is 0. 25 ft above the invert; ‘hence, the depth i in the conduit must — 
be increased that amount. The velocity the’ ‘conduit can be 

Table 2 when = 2eu ft. per ‘see, ‘the depth i in the’ eonduit will be s 
less than « € ah. 0. 25 = = Boys! “i ok 2 eu ft per sec, at a depth | of 0. 9 ft i in a. 24- ee. 


with: a value sof Hy - = ‘This i is a change to effect, 


= 0.55 ft, giving — 
12) — 
ty 
— 
ve — 
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ly — 
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LOW MEASUREMENTS IN CONDUITS Sep 

035 is to be subtracted. from the value of «. ® 


The heads for ‘other values 3 of Q are found in the s same way, except 
that after two or. more have been computed an assumed value for the next a 


| @& 


like 
is extended to a value, Q= 0. The energy head was so regu- 
te that it was extended by eye to > = 12, and Table 2 is computed to this - hae 
limit although it is subject to some suspicion for Q >. 11. 0. These curves sto 


oT 


aa 


all shown in Fig. 3. 


198 | 0.256 


“exponential formula may be written some small of ‘the 


curve, but it is advisable. The inaccuracies” of such a 
‘formula can. be appreciated by equating the value of e in for 


“both the throat and conduit sections; thus, 


Q 2 


ant 


2 


‘Ae = ¢ (de): ost ded 

| ‘Since ce f(d) i is not a ‘simple in a | pipe, it. is evident that 

the 1 use of an ‘exponential formula generally. inadvisable because of the 4 

different combinations depe: ending. on the relative size of 1 the Pipe 
t 


hroat, _ the height of the crest of the — above t the invert. 
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a September, 1 a VENTURI FLUMES AND FLOW MEASUREMENTS IN CONDUITS | 7 
A ‘One of the chief disadvantages of water measur ment “en a weir is the 


elatively, large and uncertain loss of energy. -Schoder a and Turner’ show 
how the so- -called constant of a weir is subject to wide changes depending 


on the size and setting. This | change i in the constant can be interpreted as a 


variation in the | energy loss, and it follows that if such variations can be 


limited by the use of. other devices, the change in so- -called constants will 
eo be restricted. In _the case of the weir such control is difficult | and 
at times impossible; with a a Venturi flume it may be accomplished easily. iting a 


a the adaptation of the Venturi flume, to the writers’ ideas, considerable pas 
attention was given to the design of the transitions to minimize 


energy. In the hydraulic design ‘of flume transitions Hinds* found, 


VitLany 


er making twenty- -nine tests on ten flume inlets, that only three had losses * 
to more than 0.14 H Ina of cases no measurable loss ae 
occurred and the average was about 0.04 A Hy. The 4ft diameter of a stand- i) 
sewer ‘manhole limits the length ‘of the transition that can built 
readily in an existing sewer. "is the sewerage system of the pe eg 


ata 


County Sanitation Districts, ratio” of three longitudinally to one trans- 

versely has been adopted as a compromise. To determine the energy” 
through Venturi flumes constructed by the a differential 


on 


ee wo bent tubes : are set at two ‘points in the stream with orifices at the same 
ai elevation and ] pointing up stream, | one in the throat and one above the inlet | 


s transition. These two tubes are connected by means of air tubes: to a amano 


- mete: meter r filled with colored water; the displacement of the water column in the 


‘manometer r after all water is blown out of the bent tubes measures the differ- 


ence in energy head at the two points. To allow for any compression o the i 
_ 4“The Hydraulic Design of Flume and Siphon Transitions”, by Julian Hinds, M 

B., Trensactions, Am. Soe. C. E., Vol. 92 (1928), D. 1423. 
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IN CONDUITS 


r ight occur in the tubes i it was found advisable to blow air 


each from time to time during the test. This” was, ,accomplished by pouring 


water into the two bottles, forcing air out through the orifice | tubes. In 


‘S sewage, one or ‘the other of the orifice tubes may become “clogged by floating 


latter, throwing the manometer out of balance. — The manometer resumes its 


balance when the obstruction | been _ Cleared away and a little more air 


forced into the tubes. « Any type of meter in which | water is drawn into the 
tubes will be clogged by sewage. ‘This simple, head- differential. apparatus 


been found to be accurate and sensitive. 
Several tests” with the  differential- energy (Fig. wet 


the entire cross- -section have shown that n no energy losses greater than 0. 1.005, ft 
, occur in any of the meter throats thus far installed, and as many stage 


_ récorders are not sensitive e to such small changes this energy loss is practically ; 


2 negligible. ‘Should an appreciable loss be found i in a given installation a 


high velocities it can be added to ‘the -quantity- energy head curve. 


sewage measurement, the mean daily flow is usually required. This 
may | be calculated with sufficient accuracy by using: a planimeter | on a water- 


‘aane record to get the mean depth. If it is “suspected that there. are energy 
_ losses through the Venturi flume at higher f flows the differential energy meter 


can be used at various stages, including the maximum, , to correct the curve; 


nd if the flow is increasing from year 1 r to year, the corrections “may be deter- 4 
mined | beforehand, : as the maximum flow Of to- day will be the mean flow some 

Another: possible source of error ‘seems to that in an open conduit 
‘surface velocity is about 25% gr greater ‘than the mean, which should cause 

he velocity head at the surface (where the float is installed for measure-_ 
ments), to vary as the ratio of 1. 00? to 1.25°, Or 56% greater than the mean. 

‘Tf this condition existed, 1. 56 Hy should be subtracted from the quantity- 

_ energy hea head d instead of of 1.0 °° in or order to obtain the proper depth i in making : 
a rating cu curve. This ; condition was tested at one meter formed by placing a 
flat slab, 6 in. ‘thick (at the invert), on the bottom of a 54 -in. . Sewer pipe 
‘without side contractions. _In the regular pipe channel, at the ‘upper: end of 

the transition section and at mid- -stream, a Pitot tube was turned up Se | 
and then at right angles to the current. The difference between these two 
, added to the measured depth, 

gave the total-energy head. “Applying this energy head to the previously com- 
uted head curve: gave the quantity. Readings | taken at 
arious. depths the and ‘sides of the stream showed substantially 

Berween THE MEASURED AND THE 


Quantity, Q, in Calculated Theoretical head, He | Measured head, 
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"measured and the theoretical mid- stream, These 
tee indicate that within the « accuracy of the measurements the velocity had in 
the conduit may be assumed to be the ‘mean velocity head. 


investigation the: velocity- ‘head correction for hydraulic flow 


f accuracy for a a stage with a act: in ‘the it 


be neglected. - or ‘measurements in clear water, using a float-well for more 
accurate measurements, it should be determined experimentally. 
an When the velocity above the meter is less than 2 ft per sec the water 

surface is usually smooth, but above this velocity waves begin to 
probably caused by the difference in velocity heads in the r egion adjacent = 
to the sides of the conduit. The waves are 1 too small to affect the ball- float, sie 7 


but would affect very } precise measurements made with a hook-s “gauge. . Where Soe “a 
they are usable float wet-wells would obviate this trouble, but in | sewers the 


mS 


4 


floats are affected by the accumulation of decomposing sludge. 

question ‘that 1 may be raised is the. effect on the energy head of dif- 


ferent velocities at various points in the cross- section of the throat. It was 
Bp, a found that the energy head was the same at all points in a transverse plane. 


s another check, small floats were dropped simultaneously into the “upper A 


as: end | of the throat i in ‘pairs, one being ‘near the side and the other nearer ces 
center. Every time, both floats reached the lower end together. As’ 


. another test a string wa as dropped into the throat transversely to the flow * 


and reached the lower end straight. The explanation of this phenomenon 
is that at, and near, the critical velocity in. a short flume the side friction is 


9 “Efforts were made to find a coefficient to be applied to He ‘in the conduit, 
flow was ‘determined by measuring the energy head in 1 the throat with a a 


— tube. Using this value of Q, the measured depth was s subtracted from 


a ve 


bottom width of 2 ft and slopes of 1 on installed 


3 in an earthen . canal with a a | bottom width of 8 ft and similar side slopes. 

The ‘bottom of the throat was 8 in. above the base of the canal and the down pa 

apron of the ‘throat sloped downward to: a “point 8 in. below ‘the 

elevation of ‘the canal base, similar to ‘the Parshall meter. The gauge- -point 


was. placed i in the ‘upper ransition where the bottom width was approximately 


“Velocity. Head Correction for Hydraulic Flow’ by. M. P. O’Brien. M. Am. 
E., and J. W. John St Am, Soc. C. E 
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locity of 3 ft per sec, in the conduit both gave C Were _ 
Rest flows and velocities available = = 
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3.72 It was placed only 0.4 ft down ‘stream from 1 the upper end of 


wooden flume section where i ‘it was: certain no silt deposit ‘would occur. 
curves for the flume (Fig. 6) at the control - 


, the gauge-point, and in the main canal for 60 and 25.7 as 


Had the gauge-point been’ moved back into the main canal, the measured 
eS depth would have been greater by about 0.1 ft i in the case when Q@= = 50 cu . 


per sec, but the 1 main argument in ‘fa avor of 1 “moving up stream is that the se 
drop in the water surface indicates convexity, ‘especially as it increases rapidly 


with the tapering of the channel, and it is in ‘the ¢ convex x water | surfaces that ; 


the rela tion of water surface to. 


above a as the sides bottom lined for a stew! feet to maintain 


as cross-section, the stream filaments would have been parallel and 


the calculated flow would have followed more closely the volumetric measure- 
ments. ": Friction due to the longer distance between the point of measurement — 


and the throat could have been measured by means of the differential energy- 


head meter (Fig. 5) and the energy head increased by this amount. = 
With this change in the x point of measurement the recorded tests woul 

have shown closer agreement with the calculated rating curve. Since the 

quantity of water flowing through this Venturi flume tested by the Bureau 

of Reclamation was carefully measured volumetrically the data are considered 

Most reliable. From the known dimensions a quantity-depth or rating curve 


we readily constructed by the writers. using ‘the method previously | outlined. 
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curve for given depths: and the actual : measurements in no case exceeded 5 ~~ 


cent. . Since the writers have pointed out that greater « accuracy ‘could have been 
attained by the selection of a better place | for measuring the depths, and by — 


measurement of frictional losses, this test is sufficient 1 proof that all forms > 
he Venturi flume will give accurate measurements when it is possible -* 


measure the depth i in the conduit of a regular cross- “section immediately above _ ; 
throat and where the throat is ‘properly designed to insure that the 


n the absence of an experimental laboratory the: writers have had to. 


fon make use ¢ of active sanitary sewers in the development and adaptation . of the 
flume designs. ‘Standard weirs were in adjacent manholes, 


comparative results ‘were ‘poor except where the flow was small in comparison 


the capacity of. the “sewer, since the 1 weir coefficients were uncertain. 
Therefore, these measurements | were not considered “sufiiciently, accurate to 


The experiments 1 made, by the U. Bureau of Reclamation, previous y 


referred to, were considered a positive check on the accuracy of the method © a 
outlined herein. — _ Furthermore, a field test » comparing ‘Measurements of a a 


installed Venturi flume with a ‘permanent Parshall x meter (made 
through co-operation of ‘the Cities of Los Angeles and Beverly Hills), 


S, supplied added | proof of the accuracy of the adapted Venturi fume, pee 
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At the poi at. selected for, the test an elaborate underground structure was 


ve constructed on a 21-in. sewer line which included a standard 12-i -in. ‘Parshall — 
meter and an indicating and recording register, ‘showing the d depth of flow 

“through the flume and the rate > of flow, in cubic feet per second. Water con n- ae 


ation of 


Seek ft above dyer permanent gauging station, where the grade of the 

= -in. sewer | was 70 per cent. The bottom of the throat with « a width of 10 in. nig 

was placed 2 in. above the boards forming the side 


the of the 


woe 


boa but not be set due to the of the 
through» the manholes. Some caulking be done with ‘sian. The 


street pavement and measurements water ‘surface above the. flume 


by passing floats ‘occasionally to the correc- 


Ns tion y was 3 also required for the small flow centering the sewer r from a side branc i 
over a V- ‘notch gave this correction with sufficient accuracy. 
a Table 4 gives the results of tests when the flow was within the capacity of 


period of high (8:5 8 to 8: 58) it that 

critical depth in throat exceeded the depth of the Venturi flume. These 

s are shown in Table’ 4. In this second group the discrepancy was” 

+6% + 0.7%, showing that even when poorly adapted it was still compara- 
ively correct. ~The 4% error in the first group could be corrected by allowing wake, 
a a head loss of 0.25, He, or by subtracting 0.75 Hy instead of Hy from the 

| energy head. ti Doubtless the discrepancy could be reduced materially by care- 
installing a permanent concrete Venturi fi flume instead of the temporary 
- wooden one which was used. Any obstruction placed in this sewer laid on a 


slope greater. than the critical causes the water to jump immediately t to the a 


conjugate depth on the -energy-head curve (Fig. 1) and unless allowance 

made for this effect, the. capacity of the e sewer would be. curtailed seriously 
‘Therefore, ‘it necessary to use a large throat with consequent rather 
velocity of “approach. been found that the slower ‘the velocity 
En. approach the greater the accuracy. This is | limited by the capacity | of the pe 


onduit and the possibility of to ing deposits 3 i the ne approach channel which pe 


| 

— 
_which otherwise would affect the float results. The wooden throat of the 
— 
— 
\ 

| — 
flow and readily withdrawn a few hours later when the flow was 
__at its peak of about 6 cu ft per sec. The elevation of the bottom of the _ i te! 
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ParsHALL METER. 


(Flow Q, in cubic f feet per | second. ) 


Side Column (4) Column (6) | Column (6) 
4 Column (5) | Column (3) (3) 
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> 


ca _ The proper design of a Venturi flume requires that parallel flow occur ss 


in the channel” above the flume and in the throat. ‘The necessary critical +4 
velocity is" is obtained only when a drop in in the energy head « occurs just below 
the throat. A small jump in the water surface at this point (see Fig. 1) ae 
positive evidence that critical velocity is occurring. In: addition, the 
throat ‘section must have sufficient length or the water will not be flowing i 
parallel filaments at the point of critical depth. The first meter stations 
_ installed by the Sanitation Districts of Los Angeles (Calif.) County had 
short throats which ; gave good results only on the small flows. Leagtbenin 
‘the ‘throat to 3 ft insured parallel flow through more the length, and test 
with a Pitot tube showed no apparent change in ‘energy, head except at the 
ends. Data are lacking to ) formulate 2 a rule. as to the pre proper - length, but e experi-_ a 2 
that the ‘throat should at Teast as as diameter. of 


with 86-in. and 6-i -in. 


tha The features of the Venturi flume are its ‘adaptation 
hy flow measurement in all of conduits not flowing under and 


‘s The size of the flume throat. depends upon the size and, all of the con- 


| SS and the range of flow it is desired to measure. i The ideal flume throat 


would have such a size and shape 1 that the ratio: of. the ¢ cross- “section of the 
aa in the throat to that in the conduit would be the same for all. quantities ; Om 


tangular narrow ‘throat — contract the flow so much as to give ian 


For circular pipes it generally found advisable to install a bottom 
“gleb in addition to the two sides, a feature which helps to support the side — 
walls. The slab acts a as a broad-crested weir when flows are 
reentage of the designed capacity. Since a thin bottom slab- properly 


_stream- lined approach transitions causes no deposition of except 


‘the lighter grades, to offset any of back- from an 
4 unforeseen obstruction below that might otherwise prevent critical velocity 
from n being attained. In general, the flatter the slope, the more i 

this p precaution and the greater the slab thickness needed. _ a. a, 

Bx. throat of ‘rectangular cross- -section | with | proper transitions may be adapt 


able in some cases, as in the instance a -semi- or a rec 


‘respectively, showed a ratio 
hroat lengths, respectively, showed a 
|. 
| 
| 

i “that is only a small percentage of the designed capacity of a 
a flow that is only a small percentage ides, is 
\ h d, or narrow at the bottom, with sloping sides, is 
duit, a throat, V-shaped, or 
q 
= 
— 


its 


> FLOW MEASUREMENTS I IN CONDUITS apers a 
tangular- “shaped conduit, where its use is recommended. Lack of accuracy 
= inv very y low flows and inability always to pass the full design capacity, how- po? 
ever, are restricting limitations to its general ons 
z Where a large flow in either rectangular or circular- shaped conduits pre- 
vents the placing of forms for building the side walls, a simple device 


ereate, critical velocity. consists of placing on the invert a pre-cast flat 


Rave transitions. Deposition can only occur above this type at extremely low a 
velocities. — In similar cases involving large flows critical velocity may be 


Lad 
| 


Pr oduced by ‘simply inserting vertical side walls with the ‘proper. transitions. 
t any form of 
"etter device is that a constriction of some sort bee! = 


be placed in the channel 
‘to produce critical velocity \ with the least loss of ‘energy, and that the shape, 
size, al 


© 


and dimensions of the “device + are important only in so far as they meet — 
specifie problem at hand in a practical manner. 


correct § size and shape of t for use in a given conduit i is that 


cgi prevent deposition of sludge a at low flow. A practical method of making this 


a ~ salle flowing conduit at all values of Q, von with a bottom slab thin enough t to 


selection first t to prepare quantity-energy head curves for several 

flume throats (Fig. 7) on tracing cloth. Table 5 can be used for 
3 1.5 
| 
1.0 sents the Energy 
= af in the Flume | 
Ree 
5 W, — 
of Throat 


‘Fig. ‘Heap Curve ror Various Fic. 8—Hwercy Heap 
Sizes wITH ‘Sie Siopzs oF 2 ON Curve, THROAT 


‘these curves for having side slopes of 2 on 1. 


Rate of Flow, Q, in ft per sec Rate of Flow, Q, in cu. ft per sec 


in ‘open channels ‘may be cused foe first -quantity- 
curve, “but the following procedure is suggested. Bakhmeteff* expresses 


— 
4 
be 
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at Computing K as a | function of the depth in a pipe is rather tedious. Wabiaat: 


1 ca of J K are shown “el several pipe s sizes in ‘Fig. bd which has been computed for 


BLE 8. Heap ¥ FOR oF on 1 
ENERGY Hazan, 1n Farr, FOR Borrom In FEET, FOR Borrom 


s me erely necessary to add one- half the logarithm of slope (expressed 
a pe ercentage) to obtain the quantity for any depth in the pipe. Velocity — aay 
m Fig. 4 in the manner previously “described. ‘Adding 
- these velocity heads to the 1e depths shown on the quantity- -depth curve ‘gives 


the quantity-energy head cur curve. Fig. shows a typical diagram. 


Wa 
‘Referring to Fig. 9, the ‘capacity, Q, pipe i is Equation | (20) 

= the slope, as a K=A; thee any 


= given depth; and c= Chezy’s coefficient. ‘The curves sare drawn for a1 1% slope. 


For values of 8 less than 1% the flow for any depth will be to the left of 
the curve and for “more e than 1% ‘to the right. To find the value of 
"measure from the slope guide to the right ap time for S <1% and ¢ to the left 
2 for S > ‘1 per cent. For example: Let 8 = 0. 25% 5 D = 8-in. pipe; Spina 
0.1 cu ft per sec. In this case S <1 per cent. the dividers for the 
distance between the inclined slope line in percentage line the 
0-line of the diagram at S = 0.25. ‘Transfer this distance to the eQ= 
Tine, measuring to the right and intersect, the 8-i “in. curve atd = = 0.20 re 
2 Q is given in million gallons daily, set the dividers for the distance between 


the inclined line and the million- gallon- daily guide line on tl the extreme right. 


= 0.25% ‘and Q= = 01 mgd, d= = 0.25 ft in an 8-in. Pipe a 
: is On 1 the other hand, let 8 = = 2. 25; D = 60- in. pipe; and | Q= 15 cu ft 


‘sec. In this case 1 per cont, Set the dividers for the distance 


this to. = 15- line, mearuring to the left and th 
<~ By superimposing the quantity-energy head curves for the throat upon 
that for the pipe and then moving the throat tracing up or or down, : it is possible me 
to decide quickly which throat size should be ‘used igh it should 


be set above. ‘the The difference in the two nergy heads shows the 


4 — 
538 — 
— 
= 
= 
121 | 10.00 | 1.941 | 1.820 | 1.gm9 | 1.623] 1.388 

0.5 | 0.401 219 | 12.00 | 2.117 | 1.993 | 1.786|1.540 
| 0.504 342) 14.0 | 2.276 | 2.149 2.041 1.936 1.679 
0.865 529 | 16.0 | 2.422 | 2.294 | 2.983|2.075| 1.809 ||#### 
= 3.0 | 1.070 680 | 18.0 | 2.558 | 2.428 | 2:315|2.205|1.930 
1.239 | 810) 20.0 | ..... | ..... | 2.430 | 2.327] 2.045 
5.0 1.384 926 | 25.0 | 2.604 | 2.308 
7.0 | 1.634 130 35.0 | .....]..... | ...-. | 3.078 |2.759 é## 
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it Venturi flume for all quantiti es. 


to 


anti 


iD 


and it is easily seen ‘that the teeperoidal “epidate can be used are a 
flows as great 18 cu ‘ft per ‘sec and that at 19 cu ft per sec, which is 


‘maximum capacity the | pipe (there being ‘no loss” in energy through 
flume), the carrying capacity of the pipe is not curtailed. The quantity- 


a energy head | curve of the rectangular flume (Fig. 10) being always above 
ste the » energy head for the pipe, shows loss of energy through the flume at maxi- 


mum designed capacity. of Venturi flume would interfere with 


loss caused bj 33-in. circular 
COMPARA — 
Fie. 10.— 


ing or -quantity- -depth curve actual “measurements of the flume as 


with éireular pipes, but Ghosts” curves - may be computed for conduits of any 
For permanent ‘eadalisina 3 in sewers of the Los Angeles County Sanitation — 
istricts the Venturi flumes: were readily constructed of concrete directly in 
‘the sewer manhole without interruption to sewage @ flow. A layout sketch of the 


eter was prepared : for a single i installation in a circular pipe and, using 


the plan as a pattern, forms for ottet sizes were obtained by proportion. © When eS 
possible the entire form for the flume ° was assembled in the sewer — 
invert ; and concrete | was poured into: the forms from one uae until the bottom 


slab v was filled i in order to assure compl 


the center of the ‘¢hroat at ‘about “the lower side of a a ‘manhole gave 


Proper space for installing the stage-recorder float near ‘the upper side at 


copper ball fastened to a Q-ft of Lin, pipe, “hinged loosely 1 up 
oa pipe : framework (see Fig. 1 1). . The latter is attached to the top of a 
plank placed cross-wise to the sewer and supported by the shelves of the man- 
Without sc some such apparatus to hold the ball, it tends to float 
stream and disturb the record. _ ‘The stage recorder is suspended on a spe-— 
cially built steel seat immediately under the ‘manhole cover where it is aa 
ecessible. Repeated checks of indicated ‘stage records actual meas- — 
ured depths show no appreciable ‘error. during the daily range of velocities. 
Braided, insulated, copper wire connects the float to the recorder. | Consider- _ 
able difficulty experienced in keeping the ‘stage recorder clocks running 
for r a week at a time in the damp, gas-laden, | sewer air, but the purchase | of 


The writers are particularly, indebted to A. K. War arren to A. M. Rawn 
Members, Am m. Soc. O. E., for the opportunity to make the experiments and 
studies for ‘this investigatio , and for thei constructive criticism in the 
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The object of Part I of this paper is to familiarize with 


use of the Airy stress Wiasas for the solution a of problems in plane stress 

and plane strain methods fail to give even approxi- 


ep oto elastiz 


4 


A brie 
tion of the developed at the California Institute of Technology, 


Pasadena, Calif Methods evaluating stresses are explained and applied 


t eory of the. Airy function ‘found in textbooks" is based 


on the assumption that body forces (weight inertia) can be “neglected. 
This is entirely inadequate in ‘civil -engineeri g structures in Which the 


stresses are such that the form of the function is not invariant 
3 a ‘change i in co- -ordinates. The stress definitions given herein, including both 
i _ boundary ¢ and body forces, are such that the stress function will be of i 


same form in ‘rectangular and polar -ordinates* ona 


Notg.—Discussion on this paper will be closed in December, 1935, 
on * With the U. &. Bureau of Reclamation, Denver, Col 
2 See, for example, “Applied Elasticity”, by J. ‘Pre 


“Notes he Airy Stress Function”, John H. 
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stress - 


in both: compression tension. may also | be ‘applied, to con- 


iq 
-erete masonry if the, resulting stresses are those of 


for" all stresses. Tt ‘conceded that a a slight variation in the | elastic’ 


‘modulus: has little effect on the final stress distribution, except, of course, — 


singular points or at ‘Points o of high» stress: concentration. With these 
: assumptions the stress function may then be applied to a slice of a gravity os 


dam. ‘The question of uplift is not considered in this treatment, but it 
ee assumed : e QQ) That there is sufficient resultant average compression at all 


of dan to overcome any internal ‘Pore pressures that may exist; 
and (2) that the pores are 80 small that the average stress distribution at a an a 

3 be found a as. in isotropic material. 


‘upper thirds. 2 ‘the dam "proper; the lower “one- third, 
4 


the region of the foundation; and (3) the foundation ‘proper. ‘Finally, 


to whether they are sharp corners or fillets, ‘ena near crown. | ~Conse- 


quently, in the present application, stress functions have been derived for 


four eases and a twofold pr purpose is served: (a) show the methods 


deriving stress functions; and to obtain: 1 specific results applicable to the og 
gravity dam on an elastic foundation. In most cases the derivations 


been omitted, due to the limitation of space. Z The original manuscript ison 
3 file in Engineering Societies’ Library, i in New York, N. Y., and at the Cali- 


fornia Institute of Technology, at Pasadena, Calif. 

Application I—The stress functions, stresses, and deflections _ valid in n 

the upper part “of triangular dams are derived for hydrostatic, and ‘are given 4 


for body, forces with computed | results. plotted in the case of Morris Dam 
In addition, the stress functions are given for a number of special loadings. 4 


Application H- —The stress functions applicable in the foundation are 


— given with stresses ‘and deflections for concentrated and distributed loads, the 
results. being for a of Grand Coulee Dam. 
n” applicable at sharp re- 


ure are given for the: determina- 


stresses in lower ‘gravity dams. results are plotted 


ae It | should be emphasized that even if the gravity dam is used for illustra- 


examples: of application, the aim is not to advance new y design 


_ ‘The writer hopes, however, that the methods described will help to obtain a 
closer estimate of the stresses that actually occur. It is : worthy of note that 4 


state of ‘stress by the: stress ‘function is in equilibrium and 
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- IL—THE ‘THEORY OF THE AIRY STRESS FUNCTION 
In this kection the stress function is ‘defined in rectangular and velar 


o-ordinates. Convenient forms of boundary conditions are treated. 


. two- “dimensional ela: elastic system under plane: stress 0 or r Plane strain i is om: 
equilibrium i if the stress components are as follows 


| 
| 


the -axis, respectively Te, shear stress in the ‘direction of the X-axis 
or the Y- -axis; F = a stress function; and g = “fp a total eee per unit — 


7,6 


‘$0 that it is a solution to the differential equation: 
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ae been reduced to the determination of the functions, F, that satisfy _Equa- 
tions (3) and such that the stresses ‘determined by Equations or 


Equations: (2) agree with the given force distributions over the boundaries 
‘the structure. The ‘first part is very simple because it can be verified 


that both the real and i parts of the expression : 


+A 
and are arbitrary analytic of the complex variable, 


realize “that as soon as the stress is ‘the: stresses” are also 


Referring > Fig. 1 the boundary "conditions to be satisfied by F (x, 


batched boundary ‘curve represent a: plane elastic 


centrated or ‘continuously , acting on the boundary, ABC, and 
dinate a axes; ; and and forces along ‘the X-axis and Y-axis per unit 


of unit “thickness, equilibrium by a forces, (con > 
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in equilibrium under the stressea.'and, the and V ds, 
— (Fig. 1). By projecting all forces on the co- -ordinate axes and taking moments ce 


about: a “point, B, of the boundary with co- ordinates, Tn Ya, the conditions of 


7 = 


i 


2dy — (ys — y) + — ws) dM. 


4 


4 “which dM ‘indicates: the ‘moment « of H ds and Vds about Point B, posi- prs 


tive in direction (counter-clockwise about Point O, Fig. 1). body forces 


of the element are of higher order of magnitude and need not be considered. ms 
_ By substituting the stresses as defined by Equations @ and integrating the i ¢ 


“equations from Point A, Fig. | along the. boundary i in the positive direction 


1 


x dy ae 


oF Y+, dz dx . - (6b) 
A 


“A 


ts de + + (yp — y) dy 


in which and are the projections along the X-axis and 
‘Ws - the moment about B of all boundary forces between A and B. By a 
os suitable choice of co- -ordinate axes Equations (6) can be simplified pratien dy 

From the m of | the stresses in | Equations follows that a 


The boundary equations then become: _ 


Sd 


pus 987 
T 4 _ 
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— 
i 
(aka 
re 
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contribute no stress. ‘Therefore, by choosing the origin at Point 4, Fig. 1, 
; __ it is always possible to arrange matters so that F, = {—) =(—) =0. | — ts 


In the definitions of X;, and Mp, », it must be remembered that: the 
integrations are to be carried out the origin (Point 0, Fig. in the 
"positive (X- direction. Hence, Point is located in the negative 
direction from the > origin, the signs of Xz, and a» as defined i in 


tion with | ‘Equations (6), must be “reversed, exactly as in taking moments, 


thrust, | and ‘shear at a section a in bending. ‘This formulation n of 


boundary ‘conditions will be found “especially. useful when approximate 


solutions are desired ; that is, in ‘the boundary conditions are to 
Rass ine In the ¢ cases of exact aaletione: (that is, if the bendy conditions can be 
ieee satisfied | at all point of the boundary), only two. of the three sets of formulas: 
(5), (6), and become ‘especially ‘simple and instructive. In 


satisfied automatically. no body forces. exist (that is, if Ie = =0 0) 


as ‘Equations (5), (6), and (7) become especially simple and instructive. In 


this case the following simple interpretations of the stress function, >, and 


its partial d deriva ives, an oF —, are evident by Equations (7) 


point, of the is equal to the moment of all forces acting on the 


Say between the origin and Point B. “The value of at Point B is 


to. the on the X-axis of the same forces and 2 
the negative projection on the 


often ‘convenient to determine two fonctions, Fp and Fy the | 
representing the forces the second d the e body forces: 


on 


‘When the stress function, F, is mown, ‘the displacements, u, parallel to the 


-axis and ‘parallel axis, can be determin he case of plane 


Ps 


oh 


2 


a. ms Papers 
= 
¢ 
ve _ 
— 
‘ ny 
4 
= 
ae 
— | 
— 
— 
— 
a simple form on the portions of the boundary where no forces are acting, 
— 
— 
— 
— — + 29,79) +h 


ve which, is Young’ modulus ; is Poisson’s ratio; 


f(z) dz; fe = imaginary part of f(z) is. the’ analytic 
function, of the | complex variable: 


= the real part of f@). y “The constan 


body rotation and 


In polar ¢ co- -ordinates: the radial and tangential displacements, Ur 
by: 
¥ 7 


in which f = real part of. e* part of et aes 


nd, f(z) is defined. in connection with Equations (9). 


(11) and (12), the constants, A, B, and C, have the same meaning as in “Equa- 
tions | (9). “no ‘mass forces occur, g 0. Displacements in the case of 


Plane are found by Equations (9), GD), and E with 


the infinite with: _ hydrostatic ‘pressure on one side, and no body 4 


forces, will be developed in some detail. The solution was first offered by 


"Assume the hydrostatic pressure on the up- -stream face, y = 0, to be p a 
an a unit distance from the top measured. along: the face; then, by Equation (11) 
with y y= 0, the boundary are that no mass 


we 


| 
=. 
— 
re > d ] fF t olid- 4 
1s ior wand v and only effect a solid- 

1 

— 
&§ — 
— 
— 

IcATION I.—STrRESSES IN THE UPPER Part or TRIANGULAR ravity D 
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2 order to indicate the general procedure for.determining the stress fun — 
| 
— 
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OF 


(6a) and ‘remembering tat no boundary forces: exist 


ee 

> Fri is an Airy stress function. ‘If the 

i arbitrary constants A, B, C, and D, can be determined such that the boundary 4 


conditions: are satisfied, Equation (16) is the solution. 


iss 


By of Fy into Equations (18) and (14) and with y = 0: : 
2. Consequently, A ; —2 Cz = 0; and, C = 0. By sub- 
stitution of Fy into Equations (15) and with y = Kz;6 Bz + 4 Dez Ki = 0; 

= 05 B=— 


; and D =+ hon at af. 


With these values of A, B, G, and ‘D, ‘introduced into . Equation (16) th 
for the hydrostatic forces becomes: 


A 7) 


~ 


me. displacements corresponding ‘to Equation (17) are derived in ‘some 2 
to ‘illustrate the use the: equation s (9); thu: 


— 
— 
Ii 
a | 
{ 
a 
ae 
— 
— 


PP K- Referring to ‘Equation (10), 
ic; 
part of 1) = = fla + i ‘Hence, fla) = = az — ibz = (a — ib)z; 


beg 
fay 


and, fr = aw cy i i 


ay +B] 

+ Kay) + ry — Ax +O). (208) 
In Equations (20) A, and are Young’s modulus and Poisson’s ratio, 


No 


respectively, for ‘the: dam in case of plane stress (Gs = = 0). In case of plane — 
a strain, E, and pa are found, : as explained in connection with ‘Equations (11) 


Mass Forces. the components of ‘the: mass forces (weight and earth- 


= 


a 


| 


tt 
= — [oe + eK + mK Dut + : 


will satisfy the boundary conditions -by: ‘Equations (5) Equa- 
tions (7). By Equations. tes stresses are: Wee, 


High th 


— 
| 
il | 
— 
i= 
— 
| 
| — 
— 
— 
— 
AS that no 
along the A-axis and J -axis, and assume wnat 
quake Torces) be gz and gy 
| — 
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- + + Ky — 208) ry. 


inear along 
“any straight line in the triangular ‘aaa’ of infinite height. tie agrees with | 
the assumptions of engineering practice. It will be shown subsequently that 


2 3 this i is not true near the base in a dam of finite height. a i ea ne eas 


boundary stresses computed by cand (21) for. Morris” 


Calculated Stresses for 
Photo: Elastic st Stresses A 190 150 200 i 


“Calculated a and Photo: -Elas 


WEIGHT OF DAM 


am of 


= ‘is chosen as X-axis, ¥- -axis is positive 


(1) When ¢ the full hydrostatic pressure, pr, is exerted on the: -stream 


face, and with no forces on the down-stream face: 


= pe a — sin — (3 cos? . cos? 8) 


For greater detail to Carothérs’ “Plain Strains in a Wedge, with Applications — 
Masonry Dams”, Proceedings, Royal Soc., Edinburgh, — 


— 

— 

Septe 

— 
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in Polar Co-Ord tes’ for the Triangular 

Infinit 

— The 

— 

— (ag 

— 

— = pla 

a he 

Mou 
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| 


Q ) When a uniform pressure, is exerted on, ‘both faces: 
Al. is 


(sin 2a — 2a cos 2a) 
Ba (4) When a uniform pressure is exerted on the up-stream face, with | no a 


Pe: sin 20 — — sin — (26 — cos 2a (26) 


3 (5) With a pressure, » PT, on the up- -stream face and tension, Pr, , on the 


4 
i C08 sin 3a — 3 cos 3a an « ay 


(6) With a ‘Pressure, pr, ‘on both faces use E Equatio on (27) 
for “ ‘cos” and “cos ” for “sin” throughout. 
aa (7) With a moment, M, per unit of the. Z-axis (positive in in direction +6) 


sin 2e me 2a cos 


(8) With a unit length the Z-axis at ‘the 


— sin Qa 

ressure, pr, both faces use Equation (27) substituting 


directed along the positive X-axis, use Equation | (29), , substituting “ sin 
(10) With forces, lirected at a an n angle, B, with 


9; per unit 
C08 


= 


sin? asin 6 — 


+ — sin® 


“Let a tangential line load, act per unit thickness of the infinite half 
Lire (foundation). | With the co-ordinate system i in Fig. 3 it is easily verified = 


__ 6 a more detailed solution, see “Applications Potentiels a l’Etude de E 
uvements des Bolides by J. ‘Paris, 1885. : 


— 
— 
— 
aa 
x a 
3 
vertex — 
aT. 4 
— 
ao 
| ome = 
sexist. 
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hat the r sin 6 ~ y tan is an function 


because Equations (3) are satisfied. I 
bed en 6 = 0, ar nd = «. Therefore, by no 


act on the X-a -axis. F urthermore, sts sina when @ = 0, and — —Q when 


sotot 


2 


AAD) 

"Therefore, by Equations ac ) no tangential f force distribution 


lee 0, or when r r zs 0, but : a a force, +Q, occurs at r r= 0 because here 


a jump equal to + +Q. 


stresses are 0; thus: 


on: 


= _2Q 


‘in 26 = 2Q 


s 
— 
— Be. 
— 
— 
— 
— 
— 
— 
— 
— 
— The rectangular stress be fo 
(82a) 


a point, 0), and directed along the “axis in a positive 
For a uniform distribution, G over 4 distance, 1, it will be found by inte- 9 

= 


3 


* which the angles, a and dz, are as shown’ in Fig. 3. Equations (34) are 


easily extended to a number of uniform distributions, g. Ga» 


Point .a of the surface, 22 0 (see Fig. 2(b)) and oz by 
tions (34) becomes invalid; Ce or ii is then by direct 


“ax: 


2 


minus us is to be used if a is on the positive side of the distribu- 


By Equations (9) (remember ing that g = 0) the ents due a 


a 


; 
A 


unit thickness. 


ad funetion for this load, F = + —r 0 cos 6 = += 


sin 6 cos? 2P sin* 6. 


| 
4 
4 
|' 
Be 
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he stress 
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(38) can be extended to several uniform. distributions, Ps Da» Py 
The displacements due to Equation (37 ) are ait 


t= (1 + we) y — 


v= + log — — Ar + 


ae _ An inter esting case occurs when Po , is the uniform reservoir pressure on 


the foundation above a dam. If the X-axis is chosen. down stream, the 


a 


sen function ‘is = — (sn 26 — 2 9), 


+ 22 tan- — y log (2* + + y+ 


-Ar+C 


a 
— 
— 
— 
— 

— 
— 
— 
— 

— 
— 

— 
— 

— 
— 

inally, the stresses in the 
= — gy; and te,y = 0. 
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THE REGION OF ‘Base OF TH 


the third application of the theory, polar \-ordinates will be used to 


"determine ‘ ‘corner- -functions” for a wedge or a corner, with an angle, The 


re function” i is s defined such as to give no forces on the straight boundaries - ” 
of the wedge | or the corner. the present purpose it is convenient to choose 


the co- -ordinate system shown in Fig. 4, These functions — in connec- 


Gb)... 


‘ 


‘chaps 


M Westergaard, M. Soe. C. 
Professor von brane attention to the existence of ‘such 


and heel. of dams, cracks j in ‘concrete, ete. 
x 


r sin 6; te (cos 1 i sin n 6); and, 


; 


D sin n 6 sin | 


' Presented to the California Institute of Technology in 1932, in partial fulfillment 
of the for degree of Doctor of Philosophy; also contained in ‘Technical — ; 
Memorandum No. 420, ion, 
Applied Vol. 2 


February, 1933. 
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ae 
— 
— 
r 
— 
— 
— 
— 


5 to be noted that, » by ‘starting with a sai function 0: of ‘the type 

ying 


The constants, A, B, and n, ‘must he by ‘the’ boundary 
expressed i in Equations ‘it will be that the “corer 
= cos n ‘sin 6 - 


n sin (n - 2 


-values. ” It will be found that when x < y < 2 there are two 


oots, No and 7 My the others are complex; when y = 7, all roots are real: 1,2,3,ete.; : 


Ae 


sins ‘No No | sin y.. 


The complex roots ‘may be found as follows: Let n = a Par b, which, substi- 


“ee 


— 

— Be 
an : 108 cos (n — 1) @ 
— 
| snO+2n 
— in which C, D, an 
— 
— 
— 
~The real roots, and my 
6, bosed on the formulas: 
— 
— 


1 


: 


hen y is be approximate values for a b are found by: 


Ok 


Yo’ = + — log 


The values, aK ‘ob tained by Equations (49a) and (490) will not 

satisfy Fquati ions (48) exae therefore, they must be further adjusted.” 


‘When nj is known the cbrresponding value of ma is found by 


(48). Let m = =d+it e which, substituted into Equation (46), separating 


real “imaginary p: arts and making use of. Equations (48), gives” 
The various q quantities in Equations (44) have now been expressed in 
‘ terms of ” '- that, when the angle, ¥, is known, the ‘ ‘corner- ‘function” is fully 
except for the arbitrary constant, A’. Each ‘complex value of 
will! furnish a real and imaginary part of Equation (44). Both parts will 


ty the required boundary conditions; therefore, two functions are obtained 


Adjustment demonstrated in record manuscript, for reference in EB gineering 
‘Societies New York 3 


wi 
— 
i= 
— 
— 
— 
.—l 
res 
AS 
— 
— 
— 
— 


ep 
Papers 


for aft wits an arbitrary constant, A and B, ‘respectively. 
the sum the obtained for all: will 


Uil 


b E ua on 44 

ich Fei 18 given q ti i ( ). ont 


The function, contains a double infinity of f arbitrary constants, Ax and 


double i 
Br: and is so that it corresponds t to the case in which there are 

forces acting on the straight boundaries of the corner, irrespective of the 
values of Ax and By. At points inside the corner the stresses will not. be 


Ze, , but the stress distribution will be such | that the resultant of the stresses _ 


‘acting on any | line terminating at points of the | boundaries will be zero. 4 In 
other words the function, P,, will only affect the distribution of the stresses. } . 


‘It is | important that the full significance of F is is realized. It is extremely — 


: useful for the investigation of stresses at sharp corners and for the correc- 
of stresses ins structures if the boundary lines differ those assumed 


‘Application of PF, for the Determination of a Near the Base of a 


Triancolar Gravity ‘Dam on an In Foundation 


serve to demonstrate the forego egoi ng In Case the 

elastic properties" of the dam and foundation are assumed to be the same 
throughout; and, Case 2, they are in the dam and foundation, 


but constant throughout in each of the two. 


Case —Consider an infinite elastic of unit thickness. 


i 


Select ‘the height ‘the dam (see Fig. 2), ‘measured along ‘the ‘up- 


“face, the unit of length. Assume a full hydrostatic load on the 
stream face and constant pressure, Pp, On the  up-stream foundation. ‘Let the 
a uniform ‘mass forces (weight and inertia) be | g per unit volume acting at an 


angle, B, w with the X-axis. Iti is assumed that the forces, if any, acting on on n the 4 


rear face and the down- stream foundation are known 
> i Then the boundary conditions which must be satisfied. by the stress fune- 
ion, F, are: (1) When ¢ 6=0;y = 0; (up- stream face) : Co =o p a. —r 
+ = 0; (2) when 2 tan t= aK; stream foundation) : 
ands and, (3). the rear face and _down- -stream foundation 


Be 


— 

— 

— 

ah 

— 

— 

— 

— 

— 

| 

} 

— 

— 

4 

its Toundation. These lines will divide the plane into two separate regions 

: tan u = one of which is a slice of the dam and its foundation. The problem is to ! ae 
ae &§ ee determine a function, F, that will deliver stresses between the two regi ia 

_———— jj equal to the loads on the dam and its foundation. This function then a : 

thee correct’ stresses throughout. Incidentally, it is interesting to note 

— 

— 

— 

= 
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in hich Fy, Fy, Fo, and F, are given in Equations | (17), (as) (24), and (50) 


is the re-entrant angle at the he el and, =stany, | 


adding th the y= = 0 cand | y = K 


(2) are satisfied “exactly. (It i 

give no contribution on these lines.) 

There remains the matter of satisfying - conditions ‘along the line, 

BDA, in Fig. 2(b). For this purpose the form of the boundary | 

In Equation (51), P is determinate with the the arbitrary 


* constants, Ax and Bx, in the function, | a 
; is used | to satisfy Equations: (Ta) and (7b), at all points of of the line, T TBD. A. 
The right-hand sides of | Equations (7a) and (7b) are completely Imown and — 
ean be computed at all points when the forces on the dart 
double infinity of simultaneous eq equations. is. obtained with a double 
of unknowns, Ax and Be This problem is solved, mathematically, by expand- 
ing the right- hand sides of Equations (a) and (7b) in terms of the “ ‘corner- 
functions,” Py. In the practical “solution.of-fhe problem it is only necessary 
to satisfy ‘Equations (7) for a finite number of points. In this case it is 
better to include all three of Equations (7). ae will be found that if they 
are ‘satisfied at points, B, and 4 (Fig. 2(b)), Equations (7) will 
“This can checked by plotting 
—, along the TB DA, and ‘comparing the results with» 
values by the right- hand sides of Equations 
4 _ Three equations of co conditions are thus obtained at each point, B, D, and. A, ; 
a ‘total, of nine equations. This s_means nine constants » Ax and 
only-a finite-number of- points, B, D; A; ete., are used, it ii is, neces 
“sary to compute the stress functions for hoth | the heel and. the toe; that is, . 
two different. angles, y. As soon ai as the constants, end By are 


determined, Py i is known by ‘Equation | (50). - - Thus, the total stress: function 


x 


a. oF) a ‘The stresses ¢ computed in one’ of the preliminary studies. of Grand Coulee 
Dam" are given i in Figs. 6 and 7. -The+ stresses in the foundatign w were found 


by ‘Equations: (34), (35), (38), an and (39), -after the normal stress” -and ‘shear 
"distributions along the ‘base had been computed. The stresses in the ‘upper 


two- thirds of the dam | are. ‘not. shown. may by 


ome 1e plastic before ‘such ‘magnitudes are redistribiitions wit 
occur near the corners, which “must ‘be considered as ‘singular points where 


® The details are contained in Technical Memorandum No. 408 by Chief Designing Bog Ang 
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E It will be seen that all stresses are compressive and tend to become infinite a 
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the elastic assumptions | do not hold. redistribution cannot be 
a by the elastic theory, but it is evident that, after the plastic flow takes place, 
stresses will be decreased near the corner and slightly increased short. 
css distance from { the corner. e will be noticed ‘that the theoretical stresses ‘are ( 
; ee extremely high over only a minute distance so that the actual forces | involved — 
are very small. effect of a redistribution, therefore, can only be slight. 
In order to be able to. predict the clastic | stresses at ‘the ‘heel and toe it 


the - stresses within the elastic limit at all times. This was done 


Case —Referring to Fig. 2, consider the dam a asa triangle with 
; ‘modulus, F,, and Poisson’s ‘ratio, pa, Tes resting | on an elastic foundation which 
is considered as infinite half plane with modulus, Es, and 1 Poisson’s s ratio, 


A slice, one unit wide, across the dam and into the foundation is considered. 7 


ane It will be assumed that no ‘separation. or slippage will occur between the base 


- and the foundation. This implies that, when all effects are considered, the 
resulting normal stresses are “compression, and that t the shear stresses: are 
within the permissible relation to to the normal stresses, 


a ne All forces acting on the dam a and on the foundations are ere ene 


the reactions between the two. problem is to determine these ‘reactions 


‘that the deformed base and foundation make a ‘perfect fit 
This i is expressed demanding that the relative 


viv 


system as in 


up-s st 
are given by Equations (17) and (21) ; and Py is the ‘ ‘comner- ‘function’ 
‘Equation (60) with y equal to the top ‘angle ‘of. the dam (y this 


ease” F, may be considered as a correction to the basic function, Fp + Po 


the infinite wedge.. ‘It has already been indicated that F does not alter 


the force system | which a acts on a the faces of the dam am. its value is known 


except for the arbitrary constants, Ax and Br, which must be determined by 
: 43 making the deformed base of the dam congruent with the deformed foundation 


‘Tine. By ‘method it is possible to determine : The effect of a varia- 
tion of the ratio, —, on the stresses, in which E, and Ey are -Young’s ‘modulus 
f ; (2) the effect of uniform shrinkage 


it includes Case 1 | when 


ad 


Formulas sare. develop: herein for the boundary stresses. at sharp 


rounded corners of elastic structures, 
The: “method ig applicable to any structure with 


+ 


Fig. 4, let the stress function for the: q 


is 
¥ r 
0! 
r 
= 
Cc 
— 
— 
— @ 
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forces and 
the forces on the boundaries, = = and = of the corner in Fig. 4 


= and r = b, of the are known, or or have been computed 


engineering methods. is required to determine a to 


‘represent the state of stress at ‘the corner such that, , when @ = 0: ] 


p= 
: 


= 


(52) and (53) apply likewise except, of 
urse, that here ip = b, and oa is replaced by ov. Let, 


Function Py is the ‘ 
a k= = 1 tat conly the 


it will be seen that F defined by Equation (54) (5 2). 


remains to > determine constants, Ag and Ay ‘such that Equation (3) 


¥ 
| 


~ stresses or; » computed from the function F, by Equations | (2). ‘The derivation — 


_ af will, be given subsequently herein Denote these terms by Qore and 


i= 
| 
>. — 
& 
and m, found by Fig. 5 ere = 
.. 
— 
=. 
— 
and let subscripts denote the co-ordinates of the point at whi h the 
= 


Pap ers 


By partial Aifferentiations of Fy given by ‘Equation (44): 

| 


Aono + 


‘Substitutixig back into “Equation (55), the following equations : 
2 Ao No Mo + 3 A, mM a 


2 Ao no mob — 2 Arm bat 


Ag (83 yd In most cases it is possible to choose a = }, and, if so, further senantion 
is possible: ‘Placing « a = b in Equations” (58) and solving: Fe 

4 Ne My a 


t 
1 


+ F, F; Py i is now known 


= Qe + +\* 


Pinte 


pe 


/ 


The function, will: now be given for a dam. Tet 
which F, is | the part of F, due to the external forces a acting on the boundarie 


6 = 0 Oand = = (Fi ig. 4); is ‘the part of F, entirely due to the body 


on the stretch, a “to 


~ 


fen 
— 
Te d 

gz 

| 
~ 
— 
= By 
= 
— he stres 
— 


Se AND ¥ aP 
Case 2.—There is a constant ‘pressure, p, on the boundary 
_pressure pon CO- ordinate transformation in Equa- 
(17) and s superposing —4 pr will be found that, 38 


[3 cos sin 2y sin — 4sin 0] — 4pr’..(61) 

“wil satisfy the conditions of this case. Then by Equation (56) 


) 


Pd 


hey 
3.— —Only mass are considered, and the fu inction, Fy, must | 


such that oo and Tr,9 are zero alone the straight boundaries, 0 = 0, and 
@ Substituting polar co-ordinates into Equation (21), and | placing 


a sin B ‘sin? 6 cos cos? 


60) 


r= 


os It will be seen in Fig. 5 that No is etn less than unity for re: between 


180 and 360 degrees. This means that the : stresses found by _ Equations (6) > 
wf will approach infinity as the radius vector, r, approaches ze zero. o. In other ‘words, 


“f a mathematically sharp re-entrant corner cannot occur in a structure without — 
~ having | the stresses ‘exceed the elastic limit , contrary to the as sumptions of 


the ‘mathematical theory of elasticity. The material becomes and the 


“af stresses in the immediate neighborhood must be redistributed. 


ake 


Jae Theory Pertaining to. Fillets. —In order to o predict the elastic | stresses | it is ee 
necessary to abandon the sharp ¢ corner and assume a finite curvature. a ‘this 


case the preceding formulas no longer are valid in. the immediate neighbor- 
hood of the corner. Phoio-elastic experimentation has shown, might be 


2 expected, that a slight curvature only will effect the stresses in the immediate Be 


4 neighborhood (that is, at distances of the order of magnitude of the radius 
curvature). Gr, at the tangent: points, and ¢ Fig. 4 m ay 
be computed (: on the side of safety) if the corner was: sharp. 
With the fores oing assumption an. approximate method i is developed: herein 
: for the de ete rmination | of the stresses on the boundary of the fillet. — ‘The « origin 
} 
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. is chosen in the ‘center of curvature and the axes, € and q, are parallel to 
Axes X and > notations, are used for the polar co-ordinates in the 


- Assume that the stresses, oa 4 and ae, have been computed by the methods 


shown (such as, by Equations. (60)), and assume that a constant pressure Is, 


exerted ‘on the curved boundary, p= R. If there is no pressure, 


x 


= 


By applying Equations (9) to Equation (65): 
= (Bi cos + Basin ¢) (= p — pg cos os — B). (67) 


“bp 
Hence, by ‘conditions expressed i in Equations (66) : 


B= (sa cos gk cos B 


4 
ue 
= [oe + Pp + (Ga + cos + p) sin — 


method of procedure i is best alow “ a few typical examples. 


experiments conducted in connection with the Morris Dam lew 
Part IT). is natural, therefore, to base ‘the example on. computations for 
this dam, because verification is possible, A cross-section of the Morris ae 


ps shown i in Fig. 2. Theory and have that the stresses in 
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108 
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bee 
— 
— be 
x 
uni 
Equations (2) applied to Equation (65) it is 
when p = R, op = — p; and or any al _ 
The arbitrary constan 4: 
oo ss when p = R, and ¢ = — . Po 
— tic 
— 
ar 
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1009 
and (a. The height. of the dam is taken as the uni unit of length Alls stresses 
nust be multiplied later by the actual height, H. eat 
U1 p- “Stream Corner, Hydrostatic Loading- —Consider first the ‘up-stream 
corner with full hydrostatic pressure, p : r), 01 on the p-stream face and 
pressure, p, on the foundation above the dam. m. The body forces will 
be considered subsequently; that is, g9= 0. ee oll ih tu fats 
hae For this loading the value of F, = F> is given in Equation (61). hm 
4 and b (Figs. 2 and 4) are chosen as r=a a=b = 0.3; the stress, oa, can 


be computed with reasonable accuracy by superposing Equations (35) a eae Fa 


(39a) ; in Equation (35) is the total horizontal water pressure on the 


uniformly ‘distributed “over: the base and (39a) is. the 


0. 86: then, is o —p= 


bi ‘is suficiently far from the base so that op may be computed as oe 
a). In the > Present application, K = = tan 41° 52’ = 0.8963 ; a 

= 267° 08’. By y no = 0.55; and 
= 0. 93; and, by ‘Equation 895; and 318. “The quan- 

and are now found by placing 08 in Equa- 


tions: (62); thus: Qor = — (1 + 0.05 Bs = — (1 + 0.0025 r) 
= — 1.015 p; and Qy, >=—1. 001 p. By substitution: in ‘Equations (60) ; 


4 = | 94 ) 0.6078 


2 Ih E uations (70), it is to be noted that: fle is measured i in units of height ht 
dam ‘is the actual hydrostatic pressure at the base. By 
tions (70), or becomes infinite as 0. To eliminate this condition | 
a finite’ radius. of curvature, = 025, at t the corner tangent points at 


Lt 


= [- 3813 cos + 2.943 sin 

en = 146° 07’; and o¢ (max.) = = 4 
Up- Stream ‘Corner, Mass. Forces. —Now, “consider ‘mass only; 
% let Only vertical forces a: are assumed to exist; hence, B = 90°; 

a and g = = = per he dit ga, CO computed 


bo — 
is § =. 
7 il 

0.500 p. 

4 — 
q 
4 
1 

— 

| 
| 
r=e=d=00 p. Substitute 


"Papers 


y= 0, anal 0.8963); therefore, oa = = 0, and oD 0.660 g. ad ‘Yau 
Now, ‘compute the quantities, Q, ete., by Equations. (64), with = 90° ; 


267° 08°; and a = b = 0.8; thus: or = + 0.0501 r g; = +10 rg; 


By: substitution i in Equations (60) with p = 0, and no and n, as before: 


(6;)o0 =| — 0.2837(~) +40.4345(—) +4 0.05017 |g ...(720) 


in which + is measured in ‘units of HH. Again, the stresses 


for the sharp ‘corner when r +> 0. ‘The r radius of curvature, R = 0.025, is 
as before and d=e = 0. 0238. ByE quations (72) with r= d= = 


na gar . 


stresses computed by (72) and (73) are in Fig. 206) | 
For the section under consideration let = 108.5 Ib per sq in., and g=25p 


= 271 |b per sq in. Corre esponding to 156- Ib. concrete. ol). 
Pa cir In. computing the atresses. for the down- -stream corner the procedure is 
exactly the same as for the up-stream corne r. The origin is chosen at the | 


— 


toe with ‘the X-axis” along the -down- stream. foundation and the Y-axis posi- 
tive into the foundation. Tf no pressures act ‘on the down-stream face 

_ foundation, = = 0; and Py i is again given byE quation (63), with y equal to the 

the foundation is horizontal 

if inertia forces do not. exist. Point b 2 is chosen on the 
down- and Point « a on the down- “stream foundation, s such th: 


he radial stress, ob = or + 


7 


(18) ‘the “ease: of hydros static loading and by 22) in 
se of mass ‘stress, | oa: is computed by Equation (35) ‘and becomes 


negative. ‘The results are plotted in Fig. 2 for the Morris Dam, : assumin 


fillet radius of 0. 025 H as at the up- -stréam corner. we wor, 


Morris ‘Dam is not designed with fillets, to 
em manufacture th the models used for the photo- clastic ‘experiments. (scale, 1: 600) — 
w* in. radius (0. 025 x height) at ‘the corners to prevent failure when 
hydrostatic load was applied in the absence of body forces. For this reason 
the same radius was used in the computations for stresses in the fillets. — 
__ The approximate method of analysis is recommended for preliminary 


the ‘final analysis: one of the “methods e 
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xplained in Application ITI should 
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"that isotropic doubly refracting when placed under stress. 


e up- ‘stream fillet is — 


PART PHOTO- -ELASTIC ‘EXPERIMENTS IN CONNECT 
9 WITH THE MORRIS DAM, IN CALIFORNIA 


Although the principles involved in photo- -elastic stress analysis may 


oun und in treatises, on photo- elasticity” ‘a short description is given herewith, 


re 


f 

_ About 125 years ago the English physicist, ‘Sir David Brewster, discovered 


correspond to the planes. If a plane- -polarized 
ray (see Fig. 8)» is sent normally through a plate stressed ‘in its: own 


Component of Behind Ve Caused by the 
Ray Vp. Component of Difference in Stress 


Monochromatic 


Va, Vibrating in Plane Between P and 
Ray V, Before Ray V4, Polarized Ray fof Principal Stress P After 
Vibrating in Vertical Plane. 


Ca 


Polarizer; Crossed Component ot sok Analyzer; Crossed Components of 
bi Ray V4, Vibrat ap Vg After Leaving 
DI ad by ‘Model ing in Plane of ed “ak Np, Vibrating in 


4s 


the ray will resolved. into two! component rays each vibrating in a 


7 principal stress. The two components will usually have different veldci- 


> 


ii 
one’ ray. ‘will: qot ahead the wave of the other small 
tanee, which ‘is called the relative optical” displacement. of the two ra 
components. after leaving” the plate, the two components are > combined so 
a as to vibrate again in the same . plane, interference will take place due to the 
relative displacement, ‘Complete interference will occur when t= 
nm, wave lengths. furnishes a means of ‘measuring the displace 
ments. It has shown theoretically by Clerk Maxwell", verified 


that the difference in ‘magnitudes of the two principal ‘stressés, 
x op and ga, at the line of passage is in ‘direct proportion to the Telative ‘dis- 


placement. iti The latter ean be measured in terms of “wave lengths of 
light by counting the order, 
4 wet 


of interference, hence: 


“On the Hquilibrium of Blastic Solids”, by Maxwell, Transactions, al Soc. 
— Vol. XX, Pt. I; “Photo- -Elasticity”’, by Coker and Filon, p. 198. rs) . 
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Based on the present computations and those for other radii of fillets it 
em that, for stable gravity dams, radii of 0.4H to 0.08H would be 
> of the dam and the quality of the masonry. in 
ease 
| — 

— 

— 

— 

| 

— 
— 
— 
— 
bee 

4.) 


id how C is determined. (ti is to 5 noted i in passing that. the number of fringes 


is s directly proportional to the thickness of the plate.) - 


‘The principal stress ss difference, ‘OP is equal to twice the maximum 


at the line | of passage; hence, this quantity is known when the fringe 
order, n, is observed. Furthermore, oP will change continuously from 


- point to point in the plate; therefore, the ‘optical ‘displacements, 8, will do 


likewise, and equal values << n will occur along continuous" interfer- 


_bands- -eallled “ lines: 


‘The plane polariscope is shown schematically in Fig. 8, y 


ee notes. The two Nicol’s prisms, s, the 2 polarizer and the analyzer, , are ‘ ‘crossed” ; 


that is, their polarizing planes are ‘Set at right angles so that no > light will, 


reach the screen, when the plate is not in the field or : when it is unstressed. Te 
As already explained | alternate dark and light bands, “Gsochromatics”, will 


ps4 appear on the screen when the stressed plate i is placed i in the path of the light. 
Along» the edges” of the model one of the stresses, gp or go, is known, and 
the Sinan order, ‘n, can be observed so that the other ‘stress (oe or or) may be 


the value of C is to ‘subject beans of 


ry 
ectangular crose- section to uniform bending. — _ ‘The. beam must be cut from 


ig. The at mid-height is the of z zero 


= 


0 . The ‘order, 


is at the top or bottom. Gn this ‘case, 6), axis being 


fringes sl 


al oe . in which C is a constant which depends on the type of material, the thick for 2 
— A 
(abc 
Equ 
ai 
— 
— cipe 
pass 
— 
— 
aut 
— | 
— a 
— | wil 
— 
— 
to 
— 
— 
ou 
Shown 
0), or the neutral axis. The constant-bending moment and the 
_ Bee f the beam ‘section can be measured so that the horizontal stress | 
extreme fibers can be computed. In the present 
— 
— 
— 


i ; for a ‘a beam of uniform thickness stressed with constant bending moment. = 
; a thickness of the beam was 0.8 346 in. and white light with a blue Wratten filter 
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that the engineering assumption stress distribution holds 2 


(about 4 100 Angstrom) was. used. ‘This filter and ‘models, 0.346 in. . thick, 

were used in both the experiments” to be ‘described. If the thickness, ¢, 

the model were e different from that of the test beam, merely multiply C 


pass through the plate the orthogonal component, ‘ees will 


CRS 


a — When the polarizing plane of the polarizer is set at a known angle the rays | 


automatically will seek the points in the ‘model at which | one of the principal Ag 


‘ero. _ Therefore, nothing will happen | on the screen and darkness will prevail 


in the image of the point of. passage, , the Nicol’s prisms: being “crossed”. 


stresses is parallel to the polarizing plane. The stress directions ina “model 


will: generally vary continuously (except at singular points) so that the dark» 


points just described will also’ form a a continuous band in the image known 


to the known plane of polarization. If the polarizer and analyzer are now 


rotated: together through a certain angle, another isoclinie will: appear, ete. 


= 
In this manner the ‘direction « of the principal stresses can be found through- Re 
aed Although the location of the isoclinic changes with each prism ‘setting, the — 
of _isochromatics | will remain ‘stationary: and, therefore, are re easily 


By using polarized light, instead of plane polarized light the 


q re isoclinies can be eliminated. In | this experiment t the light | vector, Vas is made 


to rotate with a high, uniform, angular velocity, while p passing through ‘the 


model and thus it can have no directional preferences; therefore, 


cannot occur. _ Circularly polarized light is produced by inserting what is: 


known as a ‘quarter Ww: wave plate” between each Nicol prism and the m node. 


These crystalline plates are usually obtained by splitting mica to a th kness 
to a relative retardation of the two component rays, equal 


phenomenon be found i in treatioes on n passage of light through crystalline 


a ‘By using materials of low optical sensitivity (that ‘is, a very large C in e3 
such as plate glass, ‘the isoclinie lines which are only 
function of the stress can be made to appear. sharply long before 


= model is stressed sufficiently for the isochromatics to show except as a 3 


slight illumination of the glass. ‘The latter effect makes the isoclinic stand 


out clearly : as a black line on a light background (see Fig. 8). ~ Glass ‘without 
: initial stresses | ‘must be used, and is di distinguished | by holding the unstressed 


glass plate i in the field of the polariscope before cutting it into the desired — 


as an “isoclinic” or locus of points having their principal ‘stresses parallel 


y 


— 
4 
4 
lo 
d 
— 
1 
+ 
= 
| 
— 
| 
2 — 
+ 


‘The bakelite } plates 1 used for the ieochromatics generally had ‘to » be prety 
before planing, polishing, and modeling, by heating them in a well controlled 
a oven to about 80° C for a couple of hours and then cooling them gradually 


. to room temperature over a period of about 10 hr. A newer type of bakelite 
does not need to be arinealed. “4 od R08 mi boas 


an be drawn when the isoclinic 


4 


10° Dotted Lines are Lines | 
x 


RY 


RU 
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es of stress can then be integrated by use of the lines, 
the known boundary forces, end Equation. (74). “Methods for this ‘work are i 


ae _ An many types of problems, even ‘when body forces are to be dealt with, the 


‘following method is convenient for. determining the magnitudes, op and ae 
along given lines of principal stress. The method is is essentially structural 
and. was ‘developed by considering ‘that. the structure is composed of two 


systems of o rthogonal arches bounded by the lines of principal stress. These 
oto- — and Filon, pp. 2, 47. 


ds 
that 
— 
e lines of fore 
ggilings AND LINES OF PRINCIPAL 
— 
— 
— 
— 


interlaced in such a way nly normal forces (no shear) 
exist on any element or block bounded, by the four. principal stress” lines; 
is, two from each system. The integration problem is then reduced 


to the determination | of the fo force polygon, being. given the funicular curve 


Consider the element , Ay, By As Bs, bounded by the lines 
stress ‘shown Fig. 11(a). The "forces acting on the element ‘are 


Pays » Qu: and Qe , normal to Surfaces A, B, etc., and perhaps ‘the mass 
force, M,, P,,:, and M,,, are assumed to be known in “magnitude 


Proceed to the element, By As until all the forces, and 
found. It is necessary ‘to start the construction at the boundary, 


As, As, ete., where the forces, and P,, are ‘known or can be found by 


the isochromatics and boundary for forces. When all the forces, are found, 
consider B,, B,, etc., as a new boundary, apply the now known forces, Qs, n, 
d, and t the | forces, Pay and find the forces, and Pay 
ty construction, ete. 


stresses at B say, willbe: 


+ 
1 


t will be seen that Equations on op at a all ‘points, 


wre 
which: should be made after the completion of the stresses along each line 


| The: construction is is easily arranged i ina force diagram so that duplications 


lines are avoided. that if the curve elements ‘must 
be used. 


oo, and their are known at all all points; op — oo 
known by the isochromatics and by Equation (74). The direc- 
tions are known by. the isoclinies ; hence, if op + og can be found, ‘fhe; 


ions of the model vith an extensometer,” 


Body forces — — weight and inertia — —are difficult to apply correctly. 

‘Photo-elastic It is possible to examine isolated regions ‘in the 
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model by the: mass forces: by uivalént external 
loads as long. as these forces are placed far enough away from the region in 


4 question t to distribution. ‘method was used i in the experi- 


Surface, 


sig 


_ UPSTREAM FACE AND FOUNDATION 


FOR HYDROSTATIC PRESSURE ON 


ave any it is 


many times. The easiest method would be to rotate the model 
and observe it whenever ‘it passes through the optical : field. 1. This met method has r 


ea steady rc rotor ‘mechanism, free of 
obtain a exposure of the photo-elastic lines. 


used by t the writer would be admirably suited for such an 


‘experiment. The model could be attached to one end of a ‘rigid rotor and the 
photographic plate to the other end, each passing through the optical oa 
simultaneously \ with the same r relative velocity. new method has 
developed by the writer i in n connection with experimentation on the Grand > a 
Tange Dam, by which only the corrections to the straight-line stress distribu- 


are involved. An “equivalent loading has recently 


2, all “eritical loading conditions, including earthquake accelera 
tions and uniform | shrinkage relative to the foundation. has p 


Hydrostatic Load on the Up-Stream Face and Foundation: Isochromatics. 
bakelite model, with blue filter, and ‘quarter- -wave plates, was used to 


acting 


shoes 


isochromaties. ‘The ‘model seale was 1: 600; the pho tographic seale, q 


1:00 : 900; and the loading factor, 4.6, which means that the hydrostatic pressure 
at. any ‘point ; in the model was 4.6 times as great as at the corresponding point 


“of the actual dam. The up-stream face was loaded linearly by three levers, 


each applying correct force through Inife-edges to a steel shoe. uni- 


A. 8. M. B., Vol. ‘No. 2, ‘Tune, 1985. 
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acting on a steel shoe. Soaped paddings were used between 
shoes and the edge of the “model, in order to avoid shear forces and local 


The ‘isochromaties are plotted i in 1 Fig. -12(b) and, from these, e maximum 
shear in. the ‘model, in pounds per square inch, is obtained directly by Equa- 


tion. (7 74) 5 thus: = 88n, 0 being ‘equal to 176 


by ‘Equation (75). The shear ‘at corresponding of the 
dam w will then be, in per ‘Square inch, 


> 


Load factor 4, 


7 ¥ 


that 


d foundation of the dam, the h F: 

in pounds inch, Q —0. h’, in which the 


ba is the order at the point in question. 

ar 

boundaries of Fig. 12(b) into. Equations (79) and (80) are 

za ‘ in Fig. 2(a) with the theoretical values obtained in ‘Part I of this paper. it maa 

‘It will be noticed that in ‘the “upper two- thirds of ‘the dam the 

‘obtained by Equations (18) with experimentation. In the base r ‘Tegion 


boundary stresses are in agreement with the approximate 
- discussed under the heading, “Application Iv” , in Part I. It can be shown ee 
that the isochromatics for the infinite wedge are concentric: ellipses with their 


centers at the vertex, ‘agreeing with the upper isochromaties in Fig. 12(b). 


‘slight disagreement between the computed and experimental values may be 


Hydrostatic’ Loading: plate: glass and White light 


without the quarter- wave plates were ‘used to produce isoclinies. — The photo- 
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3 


é graphic scale again was 1: 900. = It is to be noted that the isoclinies are inde- PR 

pendent of the loading factor as defined previously, except. that. these lines stress 
es become sharper with increased factor. In order to cover the entire region ‘it difficu 

90°, a to obtain the isoclinics for various prism settings, a, ‘through minec 
separate is necessary appli¢ 


Se 
a8 


ple 
responding to the prism in Fig. -10(b). The isoclinies are plotted 
in. Fig. 10(a), and the lines. of principal stress are obtained in the saya ae 

manner : Through a, of Fig. 10(a) draw a a perpendicular to a, of Fig. 10(b); ia 
then draw perpendicular to gy, ete. The, points, ete., are taken 
approximately midway between the corresponding isoclinics, 1, 2, etc, 5 Bi 


It ean be shown that the isoclinics for the. wedge are straight lines radiat- 
ing from vertex, agreeing approximately with the Upper two- -thirds of 
isoclinies. perhaps show more. clearly than any. other argu: 


et of the foundation con, the| stresses, in the base region. The 


is : 
— 
— 
— 
ey 
= 
— 4 
— 
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— 


y 
1985 STRESS FUNCTION AND PHOTO-ELASTICITY APPLIED TO DAMS 
hw _ Weight Forces (Correct in n Base Region Only). —In this experiment the 
aq stresses were e obtained ne near the | base due to the weight. Owing to the loading e 
difficulties only the stresses near the base and in a foundation were deter- 
“4 mined. The : orces representing the weight of the dam above the base werd 
applied through a single lever distributing the weigh to four points in such 
a manner ‘that ‘the resultant was ¢ at the base. The isochromatics ‘are 
plotted i in Fig. 12(a) near the base and in the foundation. Ea ‘The photographic 
scale” was 1: 900, and the loading. factor was 75, 300) on 156-Ib 


The stresses in 


8, P= = : 0; and hence, 
= 


The experimental results near the bis obtained by substituting the fringe 


“order, n, at the boundaries of Fig. 12(a)_ into Equation (82) are plotted in 


“stresses obtained in Part I agree fairly well with. ‘the “experimental results. 


Iti is of interest to note that the compression at the down- stream corner is of i 


g af ae The results i in Fig. 2 can be applied toa dam of ‘similar seaninbenn, , but of 


height, ‘HY, merely by changing the stress ‘scale i in ‘the ratio, 250: it the 


“eonerete i in the new dam weighs w |b per cu ft, the stress scale in Fig. 2(b) ae 
is is changed further in the ratio, 156: 5 oe The stress concentration in the base ae 


“region | at the down-stream face, due to weight, extends only a short distance pi 


The foundation was clamped between rubber gaskets the steel frame 
“along three edges. This arrangement allowed elastic deformation to take 

“place s¢ so as to produce, as closely possible, the effect of an infinite half- 
plane. The photo- -elastic results” in the foundation, of course, are only valid 


In the interpretation of experimental results from model to prototype it is 


mportant_ to note ‘that in two- dimensional (1) The stress distribu-_ 


é 
“Fig. 2(a) may be due partly in the pressure, Q, at the 
¥ fillet of the ‘model and partly toa slight shop error in the radius of the fillet. 
| Other experiments with larger fillet radii showed better agreement 


ith 
between. ‘experimental and ‘theoretical values of fillet esses. small 


off et of of sharp corners. 
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Ae ed the writer concludes that ‘results obtained by the foregoing pplication of. the 
atical theory for isotropic media which ‘behave in accordance with 
Hooke’ s law are reasonably correct. It remains only. to justify the application 


oa i to materials, such as concrete masonry, which do not strictly follow Hooke’s 
law. Of course, this can only be done by _ observations in the field and in 


laboratories. great many such data are “already available, but it 
beyond the scope of this paper to treat on this subject. well placed 


a strain- -gauges was installed i in a section of Morris Dam 


time, will throw further light on this point, on the question of 
y dams, 
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FLOOD AAND EROSION CONTROL PROBLEMS AND 


“The flood and erosion control problem treated in this paper occur in highly ¥ ‘ o 
developed areas where there is ‘relatively 1 low seasonal run- -off ; these areas, 
_ however, are subject to brief, although violent, torrential storms, ;\ that result 
in floods of exceptionally. high intensity. fires denude the sparse 


3 vegetation from steep mountain slopes the flood intensities s increase 


Basic precipitation and run- -off records are given in this paper, as are 
engineering methods of constructing hydrographs of expectéd floods, 


. the regulation needed for control. Similar! , measurements. of erosion quan 


tities are presented suggested solutions of ‘control and ‘method of 


d 


avoiding ‘unnecessary ‘capital ‘expenditures in advance of: requirements. The 


adT 
Los in California, with a population of about 2 250 000 


(of whom | than 85% are residents of cities), covers an area of 
sq miles. “population increase has been nearly 180% since the last major 


flood (1914), and assessed property values rose, in the same period (1914 


ts a0 


1931), from "$850 000 000 to more than $4000 000000. The County’s petro. 
Teum, agricultural, motion picture, and manufacturing industries shave an 


aggregate annual value of $1 000 000 000. It is ‘estimated “tha 


ral 


= only 8% of the present population have -experienced, or have a re giManttce of, : 


conservation of flood ere and for irrigation 


roperty. valued at than | $300 000 000 containing 38 000 per- 
* Hazards ds may | ‘be ‘lanai 


1935, Proceedings. 


tion,” by Bates; 1981. 
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* Cons. Engr., Los Angeles, Calif. | 
*Comprehensie Plan for Flood Control’ and Conserva — 


Ai, fied under two main heads: : The : main valleys and coastal plains are abject 


to inundation by either the overflow of present channels or by the departure 
of the Tivers from existing to new and, in the foot- hill areas, the 


hours from distant mountain records. Foot hill flows 
result if burned catchment areas, after becoming saturated with water, 


subjected to high- intensity storms. Such flow occurs” without warning 


ry 
may follow storms of high ‘intensity or cloudbursts, almost immediately. 


ee SS ae The factors that combine to menace life and property i in this region are: 2 
Exceptionally precipitous gradients ; short. mountain streams ; the 
unstable character of deep weathered mountain cover held from erosion by 
Sparse vegetation ; and (d) the characteristic violent torrential storms. 


a maf 
tection from floods” operate. to. conserve the "average annual 120 000 ¥ 


The paper describes physical conditions and methods of solving problems, 4 


especially those dealing with the relatively - new engineering field of erosion. 
eontrol. Necessarily, full details cannot be included, but the foot- 


serve as a bibliography of public reports. Jo ebook 


an Of the 4115 sq miles that constitute Los Angeles County, 70%, or 27! 8 

miles, is s included in the ‘south slopes which drain t to the Pacific Ocean 

(see Fig. 1). ‘The area comprises 1 589 sq. ‘miles of mountain water-shed_ 
(809 sq miles of which is in Federal forests) ; 985 iles of small water- 


sheds; and 884 miles of valley plains sloping toward ocean. About 


oe The high ‘mountain areas form a northern boundary of approximately 45 my 


miles, crest length, from wl which the two ) major collecting rivers—the San 

and Los Angeles—originate and, , after traversing the valleys, they 
converge and discharge into the ocean at points only six miles apart. Moun- 
Me tain peaks rise to Elevation 10080 (United States Geological Survey datum). Fs 

: The main rivers are forced to converge by the foot-hills that project on to 


the plains—the Santa Monica hills from the west and the Puente and Son 


pe: ‘San Gabriel River has a tributary drainage of. about 800 Bic; 


es and the ‘Los Angeles River one of about 900 sq 1 miles. The largest catchment _ 
the ‘San Gabriel. River is 213 ‘sq miles of the. “San ‘Gabriel water- shed; 
i 


the Los “Angeles, River the Big ‘Little Tujunga water 


210 000 ‘acres | of valley land is u under irrigation, and 235 000, acres devoted 
to industrial and domestic ‘purposes. book to Tatnobi 


-hill water-sheds. ranging in size from 0. mile to 30 8q “miles. 
third drainage system is Ballona Creek From 184. ite 


rincipal supply “being the run-off from ‘the streets of Los Angeles, Holly- . 
wood, and Beverly transported to Ballona Creek ‘through storm 
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about. twenty individual streams flow directly. into. ‘the Pacific Ocean. The 
3 largest are Malibu Creek, with a | drainage area of 67 sq miles; Topanga Creek | 
(20 sq ‘miles), and Mandeville, Rustic, and Sullivan Canyons (12 sq miles), 
the latter group passing throu gh Santa Monica, Calif. 


Mountain and foot- hill drainages have well- defined canyon 
her 
ecipitous grades of 20 to 30%, sharply flattening from. 8 to 10% where they 
_ debouch on to unstable delta areas. Ih many instances cones show little evi- 


dence of active channels, and, during the dry cycle (1914 to 1931), home sites 


sold readily in foot-hill territories by real estate agents who were them 
possibly ignorant of hazards. Normally, ‘mountain and foot-hill wate 


T 
sheds are covered with a chaparral type of ] j 


vegetation, efficiently functioning 
retarders of f flood flows and controlling erosion. 


The most recent major floods: in 1914 and 1916. In 1914 there 

two storm periods: One on J anuary 25, with maximum intensity 
a of 2.6 in. in 24 hr; . and the other on February 18, with an intensity | of 4.26 in. ; 
ae: Exclusive of harbor damages the estimated loss from these two floods” was — 


000 000. Conservatively estimated representative Good ‘peaks were’ as 


n Table 1. Many lives were “lost, thousands of people were 1 made 


Peak run-off, in 
cubic feet per 


ie sthirty- were ‘iit for six there was little 


2 vious floods within a 2 Ty: period, main rivers have materially ‘changed their 
courses, the Los” “Angeles River changing from westerly to southwesterly, 


and | the S San Gabriel River cutting its new channel from 3 to 6 miles | south- 


easterly. new river, the Rio Hondo, cut i its way connected the San 


Early settlers testify to the occurrence of severe floods i in . 1815, and again Pie 
in 1825, and, successively, five major flood ‘periods ai are in 1861-62, 


- % Rept. of Board of Engrs. on Flood Control to the Los Angeles County Board cf 
January 25, 1917. by T. Leeds, J. B. and 
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increased development of ‘paving and impervious areas alone, totaling more ip 
than 55 sq miles has increased the rates and quantities of run-off, and 
decreased the natural consequent subter- 


fall After this curve was s plotted a ‘prediction was m made of an Pape into. ae 


Los Angeles, U. Ss. Weather Bure 

Glendora, J.J. West Record — 

Colby Ranch Record 


Normal Depths (in Inches) - 
Los Angeles 15.30 
Glendora 23.36 
Colby 34.75 


onal Precipitation from Base 
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Accum 


1889 - -:1899- 20 —Ss«1929- 30 


co-ordinated sy: system 937 rainfall 197 run- -off stations was installed 
by the Los Angeles | County Flood Control District commencing in 2 1927. The — hagas 
important stations were re equipped with recorders. The year, 1931-32, 
_ not a year of general flo flood, had valley rainfall totaling 114% of the normal, ae 
that in the mountains totaling 118% of ‘its normal, The seasonal ‘Tun- “off 
from the San Gabriel River exceeded the combined run-off of the three” pre-_ 
vious years Summarized records from three drainages follow : San 
Gabriel West Fork—area, 49. ‘sq miles; Little Tujunga Creek—area, 
miles; and, (c) Ballona Creek— —area, 112 sq miles, 
‘The San Gabriel and ‘Tujunga water-sheds : are mountain catchments with _ cs 


cover _in good condition. The San Gabriel water-shed was burned in 1924, 
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4 not been | burned since 19 1919. Bellona ( Creek is of a erent character, ‘drain. 


ing flat valley territory, ry, including street drainage from Los Angeles, _Holly- follow 
0! 
ay ‘The season (1931-32) contained two storm periods, one in December, 1931, totale 
aa and the other in February, 1932. . Table 2 gives the « distribution of. precipita- = and 1 
befor 
precipitation ‘in 24 hours, | rainfall, was 4 
— ef 
Total for first storm period... 
3 
February 7 BS Z 


- Total for second storm period 


Little 
Ballo 
December 24 
December 25 | January 2 = 
15.0 
October December 24 0. 87 he fe 18.0 = 
December 25 | January 2 | 26.0 
Total for first storm period...| 15 


Total fo for seco storm period. 


Alde 


tion, maximum 24-hr intensities, and the resulting run- off, The distribution | 
of the San Gabriel run- -off was affected by snow. | There was 6 to 8 in. of | snow 
above Elevation 4000 during December, 1931; and 4 to 8 in., during J anuary, 

1982; the snov w disappeared by F ebruary 26, 1932. 
Both mountain catchments (particularly the Little Tujunga, the flow 
of which was not, affected by snowfall), show the relatively large proportion of 
annual precipitation required to produce ‘sufficient | saturation to permit run-— 
off. Mountain and foot- hill catchments: are deeply covered with weathered 


material, ranging from the» porous disintegrated granites to the less porous 
- sdils with higher clay content; consequently, ‘separate values for any ‘water-— 


ghed: under consideration must be determined. The The flood flows will depend to 
“upon: : (1) Slopes, character of soils and cover (organic growth, litter, anes 5 i 


(3). the quantity Tate of /Tainfall saturation 
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ind 1-hr and (4) how closely th high-intensity 
On the Little Tujunga water- shed from February 6 to 10 0, 1982, ‘the r rains eee 
totaled 5.13 in. with 24-hr intensities, on on three consecutive days of 2. 10, 1.10, i, oe 
and 1.15 in. 9 ‘The run- off in the succeeding five days totaled 1. 05 i in., or a “a 


ratio of run-off to rainfall, of —20 per cent. ero esq ofl? of 


both mountain catchments a total of 10 in. of rainfall required 


before appreciable run- -off occurred. Contrasted | with this, is the relatively. 
quick response of run-off to rainfall on Ballona Creek. A total rain of 0.17 in, 
was followed (November 15, 1931) by a 24-hr rain of 0.96 in, , of which 17% 


4 


appeared in a few hours run- off. Table shows the ‘rainfall- -run- 1-off rela- 


tion for maximum month, day, and hour, , for the three 


1931-382 


w 


San Gabriel...| 19.74 6.8 | 29 | 3.90 | 1.58 | 41 | 0.69 16 a 
Little Tujunga| 7.71 | | 2:10 | O48 | a3 | .... 
Ballona Creek} 5.95 | 1.36 | 23 09 | 0.60 | 28 | 0.27 


q Watershed Rainfall, | Run-off, | Per- | Rainfall, Run-off, Per- | Rainfall,| Run-off, 
inches jof run-off} inches | inches |of run-off 


representative number of scattered records of hr and corresponding 


we 


Years | feet (U.S. | 
Survey) 


Valles Forge 

Sister Elsie 

Coldbrook Camp. ... 
Sad 


those living along the Lower Los River. That most of these 
have not, personally, observed conditions causing or accompanying a major: 


food makes the hazard none the less 


ly- 
— 
31, 
— 
— 
—— 
— 
4 
cL a 
— 
— 
— 
Bar 
OpidsCamp................ 17 | 4480 | 4526 | 12.30 _ 
84000 | 21527 | 5.58 
33800 | 452 | 6.44 
‘Studies or the Dig Tujunga water-s given herein, showing a method 
of computing possible flood flows, the results, and the regulation r wired. — 8 
_ This catchment, as yet only partly controlled, is the largest individual tie Gg Be 
tary of the Los Angeles River drainage. Its control is a necessity because _ — ae 4 
8 
— 


Bie Tujunga drainages area above the U. S. Geological ‘gauging 
station (34 miles up stream from the mouth of the canyon) is 160 ‘sq miles; 
KE a to the mouth of the canyon it is 113.5 sq “miles; - and to a dam site farthest 
down stream (6 miles below the canyon mouth), 124.5 8q | miles, Its average 
a width i is 7 m iles. The e range of elevation i is from 1 250 ft at the canyon. wren 
to the hi ghest | peak, Pacifico Mountain, 7078 ft (U. S. Geological Survey). oe 


_ Rainfall records are available at thirteen stations in, or applicable to, the 


drainage. The longest dates back to 1872; the shortest to 1902. The Ss. 

4 Geological Survey has gauged the stream only since October 28, 1916, but, 
long-time records are available on the contiguous ‘San Gabriel 
= water-shed. In computing the probable flood peak ‘the procedure was as 


described in the following paragraphs. 


4 
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Run off Season Ends Sept. 31, 


- 


oftheMean 


‘Seasonal. Run- -off i in Inches of Depth 


G em A correlation was prepared from the longer rainfall- -run- -off records on the | 


Rainfall Indices Expressed as Percentages 


nga records, 
were plotted against the master indices of mean seasonal rainfall and are 
“shown i in Fig. 3 in which the seasonal run- -off is expressed as de pth, in inches, 


Fy. .*Rept.. on Big Tujunga Creek Flood Control and 
Franklin Thomas, M. Am. § 


San Gabriel | ‘water- -shed.. The results, together with pa 


onservation 
oc. C. E., September 22, 
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oo Table 5 is a summarization of the results. Tn its preparation, the curve, eRe 


‘Fig. was use used to. provide the values in Column only when actual, or 
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ainfall, in Inches of Depth (Composite H 


Fifty- -eight yes year average. .. > 97. 


Minimum 


Ra tio of Run-Off to Rainfall, 


Rainfall ae for years of largest flows: are shown on Fig. 4. In arrivin 


as a a criterion for protection, because all to ‘that. year. as 


the one of major flood in the 58-yr 


ages of the Mean 
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dices Expressed 


1824-25 | 
1859 - 60 


1875-76 | 


1840 1880 1890 
Fic. 4.—RAINFALL “Ipices FOR Years OF FLoops. ay 


mountain soil. cover is disintegrated to depth; 

Tain falls between May and October, both inclusive ; and hydrographic « 
hown that on this area a total of about 10° in. of rainfall causes 
saturation. if this is closely followed by high- intensity ‘storms, floods ‘are 


inevitable, ‘the magnitude rising rapidly with increasing: intensities. 
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Although it would be under conditions of rainfall 
f high intensity, 1 for a a flood to gory in a ‘Season | of inte, of less than 100 b 


120 wotlld seldom produce large ‘those with i high a 130 to 170 


bed would almost invariably produce large floods ; and indices aes 200 represent i 

much rainfall that. major floods. would be ‘inevitable. 

‘computing ‘probable flood flow quantities it is necessary, therefore, 

9 examine not only daily “precipitation records but hourly intensities 


of studies of maximum | 24-h be! of frequency of 


50 yr are shown 
sustained intensities, in . inches p per, hour, are designated by lines and qua 


A value for the possible 24- hr 10.4 in. over, ‘the catch 

oe ment, was adopted as well as hourly intensities ranging from 1. 8 to 2.7 in. in 5 
various parts. of the same water- -shed. Isolated instances exist in small zones 


of 24-hr precipitation in excess of 12 in., but it ‘was not that this 
quantity would be ‘general over the entire water- shed 


Further experience showed that a a eritical 4 day storm m mi 
that the run- -off during that storm will not exceed % of ‘the 


— run-off. ratios of maximum -day flows to ‘seasonal r run- 


5S 


. 


-ercentage of ratio 
1906. 


flows 


San Gabriel and the are actual records. 


Tn a determination of desirable flood- regulating capacity it is necessary to 
know the effect of the lesser peak flows that will immediately precede the major ne 
ood peak. _ Daily y discharges w were ‘plotted for critical periods during seven 


ecessive days on a number of sheds where rainfall- -run-off records 
were” available, indicated that: a 4- _hydrograph would d involve as 


the relation of successive flows ‘was derived. The estimated distribution | 

of run- -off during a 4-day period | on ‘the Big Tujunga water-shed is given in 
: Table 6. ¥ The successive peaks are shown on Fig. 6. The quantities refer tc a 
estimated flows at a point six miles from the mouth of the can- 


yon at Dam Site 2 


Rainfall, Ratio: Run-of 


in inches to rainfall 


One day 
Two days preceding. . 
Thee y8 preceding. . 
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4 
epth. 
ie The removed material when being transported from its origimal source and 
_ after deposition is commonly called “débris.” aes 


Rates of débris movements (where mountain slopes are steep) depend pri- 


s partly re p-soil capable « 


than run-off in main rivers and, consequently, a° débris-laden stream, upon 


entering a larger main channel, deposits temporary débris cones, forming 


i 


7078 % Pac. 


ifico 
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Mill 


Coldwater. 


Strawberry 
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wid 

To 


ae 
marily on the condition of natural mountain vegetative cover. Destruction 
this rotective cover by fires, or otherwise, will permit enormous débris 
flows to result from rainfall intensities which would create, normally, but 
small débris movement. This abnormal condition diminishes with re-growth 
aa Nature’s protective covering, which is often a slow process, since erosion . = cs 
g vegetation. pre — 
débris waves first affect ‘the lives and property of foot-hill resi- 
dents. Run-off from smaller tributaries responds more quickly to rainfall 
er 
o 
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channel under of annual stream flow from 3 to — 


of means, is most difficult; when the problem is complicated by heavy débris — 

flows construction costs increase and erosion control at or 1 

“a0. 


ir? to 


AN 


A 


the matter of fie prevention and 
although Federal, Sta ‘ ‘and County y agencies are entirely efficient, at present — 
(1935), with the funds allocated, far from 100% | effectivenes ss in fire prevent ion DN 
has been attained, -as shown by forest fire records during the fourteen years 


ce 1919. fajor fi ‘ 4 
ce 19, ajor fi ire records are 8 sum 


Waren: Suep Ane As—1 000 ‘Aone, OR Mone—19 


ures: are “warranted for fire prevention varies widely in 


upon } population concentrations and values menaced. 
foot-hill wate -sheds of Los” County y are made | up of many hun- 


ents, aggregating 285 sq miles. Of this, areas 
“totaling nearly 60. sq 1 miles, as denvded, are located | above i incorporated 


| 
riers 
a 
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ned, ar 


Where water- ‘bee n disturbed by fires, roads, -earth-slides, 
erosion is relatively slight. Quantitative records erosion from Los 


Angeles County water- -sheds that have a normal cover are not as plentiful nor 

< as accurate ‘as those from water- “sheds from which the débris flows are more i 

readily measured ; therefore, only estimates are available. 


One estimate (cited as ample) of the extent to which the storage _ the 


San Gabriel water-shed ‘would be depleted, was 8 cu yd Per mile 


snmually: This value probably inclu 


47 
since the estimate was made in n 1927, within the critical period after 

tha n 30% of the area was burned in 1924. 


oe The measured débris d deposited i in Sweetwater Reservoir, San Diego County, ee 


is reported as averaging 1400 cu yd annually. per sq “mile in 39 
Gibraltar Reservoir, in Santa Barbara County, averaged 1% 380 cu yd per 


 8q mile in its 11- -yr period. s AY major fire in 1923, burning over most of the | 


es the writer average 190 yd per ‘storm per sq mile, ranging from 80 to 600° yd. ot 


No single rate is applicable to all the catchments | of Los Angeles’ County 
although admittedly based upon insufficient ‘data, it is the writer’s opinion 


water- “shed, makes ‘this value high. Twelve ‘scattered records" collected 


that, with a water- shed by fires for 10 or more, 1 500 per 
> AREAS 


bank, a city of 16 600 and more than $28 000 000 assessed valu: 


tion in 1981. Brand Canyon discharges on a part of Glendale which has a 


er total population of 60 000 persons and a total assessed property valuation is 
than 000 000. The catchment area of Sunset Canyon is 1. 10° 


Be sq 1 miles; its length i is about 1.5 miles, and its width - % mile; and in elevation, 
= ranges from 886 to 3 126 (U. ‘Ss. Geological Survey). Brand Canyon has a 


= catchment of 1.03 8q miles. . “ A fire that burned a total of 4600 acres 


occurred from December 3 to 5, 1927, and ‘included all of. Sunset and Brand 
Canyons as well as. adjacent canyons. One year later (October, 1928), the 
‘first rains occurred, recording a total depth of 0.40 in. During November, 


10 i in. of rain fell, of which more than 65% occurred in a 0. 59- -in 


Ot ae) 


t.. on Flood Control. and San Gabriel by F. “Fowler, 
_ M. Am, Soc. C. B., C. D. Marx, Past-President and Hon. M. Am. Soc. C. B., and C. H. 
Silt Problem”, by J. C. Stevens, Proceedings, Am. Soe. October, 1984, 
* Rept. on Sunset and Brand Park Canyons 1 Flood of 1928, by B. C 
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ne quantitative exampie of debris Movement is that given Dy the case 
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| sustained 1-hr intensity of 0.43 between 8:30 and 9:30 making 

a total for that day of 1.41 in orded Be 
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first was composed mostly of water, which 1 ‘rose 8. 5 ft in a channel 5B ft wide; 


and: ‘this was succeeded by | a second flow estimated, by observers, to flow at a 


rate of 20 to 30 ft per sec. The débris flow lasted 30 min. 
From all available including cross- sections, it was estimated 

hat 29 acre- ft of. combined debris, and _ Water | flowed _ from ‘Brand Canyon in 

a 30- -min period, of which acre- (or ‘nearly 60%) was débris, and 


4 iss acre- -ft was water, an equivalent x run- -off depth of 0. 22 i in, The average velocity 


& 


was computed : at about 6 ft per see. The d débris flow was equivalent to 26 000 di ¥ 


cu yd per sq mile of water-shed, a quantity 1 that. checked closely. with ‘records 
« 

of truck removals from streets and lawns. Débris. removal costs by public 


_ agencies averaged $1 x per cu yd, exclusive 7 the cost to residents for removals — 


“Another ‘example was afforded by the Arroyo Sequis, on the western 


County boundary, which has a water- -shed of 11. 4 sq. miles, discharging directly _ 
into t the ocean. It is roughly triangular in shape and ranges in elevation 


sea level to. 3 060° u Geological Survey). intense fire from 
- October 29 to November 6, 1930, burned 90%, of this area, leaving its ‘oe ; 


posed: granite. slopes, of 300° 500. ft thousand, ‘exposed to rain. 
see The nearest recording rain- “gauge was 12 miles inland, at Elevation 600. 0. 
3 Sines. storms approach from the west they strike the coast water- shed an | hour 
le toe than the gauge and it is probable that the actual rainfall on | the ainfall 


area was greater in quantity and intensity than that recorded. Rainfall 
‘records: are listed. i in Table 8 8. Beginning at 1 200 P. M., on January a 1931, 


‘TABLE 8 Recorps, SEQuUIS Warter-SHep 


> 


in inches 


October, 193 
November, 
December, 1930. . 
f January, 1931 


in equivalent inches per hour, are listed in Table 9. The total rain falling i in 


the 170 min. was 1. 24 in., or an. Wvrage' rate: for the period of 0.44 3 in. per hr. 


TABLE ‘Sequis Warer- Suep; ‘Tex-Misure 


Time, of rainfall Time, Rate of rainfall Time, Rate of rainfall 
for 10-min periods, - | for 10-min periods, ae 7, | for 10-min periods, 
| in inches per hour 1931. | ininches per hour |} 1931 | in inches per hour 
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September, 1985 


“Quantitative measurements could 1 “not be made débris passed 


piers (which were as as.15 in. higher than adjacent bank marks), gave 


ae of between 5 and 9 ft per see. At least 50% by volume was solid 


"matter and the: combined | débris and water flow estimated as 700 cu ft 


jee 


A third example—Delta Canyon,.a | 0. 63- “sa oj mile tributary, of 


00 W.8. Geological Survey) ; 
is -1. miles from | crest to mouth; | width, 0.3 mile; and grade 


increases from the minimum slope of 625 ft ft per mile at the lower end. ‘The 

eanyon forks” mile from the mouth, and at the end of the small fork, 

ning west, is a steep mountain peak which i is considered as having contributed - 


the e major portion of the -débris. large slip along the entire side of this 
mountain was first noted i in 1913, but; some ‘sliding probably occurred Previous 
ER ES 


; to. that date. The area is badly faulted and the slopes are in an unstable 


- 


destroyed 80% of. the ‘eanyon cover on September 13, 1918, 
the 1914 flood, débris was deposited at its mouth, shifting 
stream bed to the west. Although slips had been noted prior to 1914 there 
is no record of débris at its mouth. prior to the rains. | ‘The heavy rains of oe 

1926 brought down additional deposits. No. ‘differentiation can be made 


etween the relative quantities by the Awo, débris flows, and a 
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of the delta has been removed by in main arm of the 
Rete River. However, the volume transported in the two | storms is esti- 


mated, conservatively, at 128.000 « eu yd per sq | mile, ‘or more than 60 000 


La Crescenta- ‘Montrose débris f flow, on Je January 1, 1934, furnishes" the 


best and ‘most accurate, as well as the largest ur unit débris flow of authentic 


record.’ In this case seventeen contiguous water-sheds have a combined crest 
ian length of 6 miles and a total | area of 7. 5 sq miles. _ The catchment areas in 


re region are steep and rugged, rising 2500 ft in 175 miles. The. catch- 
range, ins size, from Pickens, largest, with ‘an area’ of 1. 6 sq | miles, 


several as small as 0.2 s 8q mile. ‘They debouch, through sixteen ite 
—chann nels, on to deve oped foot- hill, city, and urban | areas below the 
aggregating about miles. The area, which is mainly residential, 


extends from Tujunga City, ‘the largest. and at the western boundary, e ea terly 
erected cities and towns of Highway Highland, La 


— 


tated Total in Inches 


water- r-sheds _were completely 


21 to 24, 1933. They not been burned ‘previously since 1878. 
Oy = he early storms that began December 1 14, at 5:00 P. M » and ended on Decem- ‘ 
‘ eee ber 15, yielded 4 in. 1. of rain which packed the ash residue into. the surface — 
se pores of the heavy soil: cover, built u p during decades of undisturbed brush. j 
ecording rainfall records are given in Fig. 8(a) and Fig. 8(b) ‘from Flint- 
ridge Fire Station at Elevation 1325 (U. S. Geo ological Survey). . Following 
this | preliminary saturation, » came succeeding storms culminating» with Decem- 
31, on which date. successive intensities increased from. 0.5 in. per 
hr at noon to 0.78 in. at 1:00 P. M.; 1.8 in. at 2:00 P. M.; and 1.14 in. at 3 00 
j -M. _After 3 3:0 :00 P. M. the rainfall subsided to 0.3 in. per hr until ‘midnight 
a it inereased s uddenly to 1.28 in. per hr. A flash, 5-min intensity ata 
vate of 2.16 in. per hr began ‘at 11:47 P.M. Three separate recording gauges, 
distributed « over the area, , registered sustained ‘Thr ‘intensities at midnight 
Pes of i. 28, 0. 85, and 0. 87 in. per hr, respectively; and it is probable that a a ‘in. 
Pe intensity was representative of the entire area. No particular 1- “hr intensity — 


was a maximum, all-time record, but the ‘cycles of sustained high 


Beginning almost exactly at midnight on December 31, 1983, and lasting 3 
for an hour, the resulting succession of débris flows caused 30 deaths; 483° 5 


omes were either completely swept away or rendered ‘uninhabitable; al the 


total property damage aggregated $5 | 000 000. All the loss of life and 80% 
of the “damage occurred in the eastern ‘Part below Pickens and Hall- Beckley — 
in} ‘The largest city, Tujunga, completely protected by a a débris 
t the mouth of Haines ‘Canyon (see Figs. 9 and 10). % Another. basin x 


was under construction at the head -of Verdugo Wash, the main « collector 
at which the smaller tributaries eventually terminate, 


Falling om a completely saturated ‘soil, the’ rain had caused sheet erosion» 


by, 


practically the entire mountain “grea concurrently with slippage of 
numerous from steep sides. of weathered rock, into the narrow 
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canyon channels. Mass canyon 1 sides | as high a 
200 ft above stream bed, some of the masses being as much as 50 to 10 

‘ft wide. Trees 2 ft, or more, in diameter slipped with the m&sses and were 


ep’ the streams. When sufficient run-off was the 
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increasing the. ‘masses “moved with. increasing. 
Simultaneously, the side tributaries. attained. peak flows and 


the was s to release débris and water from. 
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MBER 80, 1933, TO Janvany 1, 1934. 

em, they moved down stream unti — 
‘ ii 

progress, or were stopped by other 
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‘Bor 6 a in a height and ‘spread to to widths of 100 to 2 


NES Canton Bast, BEFORE OF JANUARY 1, , 1984. 


One -ton boulder was: rolled 


on | to a paved s street at the mouth of Dunsmuir Canyon. 


Ne uring new ¢ _&§ 
— velocities were win Ge 

— 


computed quantities of deposits in th the two débris 
, and on field and airplane surveys, Property: 


rs 


; of this area 1 040 acres, or or 23%, | were affected by ‘débris (see Fig. 11). 


e Practically all the débris was deposited within the 1- hr period after mid- 


night, occurring in a succession of about. fifteen sharp débris flows, ‘moving © 
at velocities “estimated at from bt o 10 ft per sec. Canyon velocities were 


considerably y greater. Each. sharp: peak of ‘major débris flow would be 
ceeded by : a rapidly | moving stream which contained less débris, cutting: 


channel to one side or through the deposited débris” “Masses. In ime 
‘masses ; would. drain out and, successively, saturated 


‘stream flow point at which they would again begin: to move; 
encountering a rapidly | mnvINE stream, t hey » would be carried along i in a suc- 


of “surges. It i is estimated that the flows containing maximum per 
centages of débris occupied about 30 min. 
The east half of Haines C (the westerly limit of the area) 
had been denuded. — Practically the entire débris movement from this source ree 
exiginsted from ‘sq. miles, indicating « a ‘débris rate of 67 000 cu yd per per 
sq mile scoured out by a single storm. af Débris_ on property and streets and 
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An analysis of sm debris collected Irom streets, is presented 
iii 
= 
No. 28.........-|. 19.4 | 19 215 
ON. 17:3 | 14 | 186 
100 | 100 | 100 [100 | 100mm | 100 | 100 | 100 
Dry........| 109.6 | 110.7 | 98.0. 
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sections were re taken, following the 


water or mud marks were left at moments when the débris flows 
were either practically ‘Stationary or were moving only slowly ; but the final 
lowest channel sections as left resulted from cu cutting by the later a1 and receding ? 
stream flows of higher velocities, which ground the stream bed far below its 
original grade and below that at the time of the making o of the 
marks. of flows based upon these marks and the. 


fin 


w writer’s conclusions were that a sustained 1- hr run-off 
# equivalent to an average > depth of 0. 9 in., or 580 cu ft per sec per sq mile, ae 


ae 
per sec. The rela- 


tive “quantities: of débris” water discharged in the cne_period were 


~ estimated as s 48 acre- ft of water and 55 acre-ft of débris. 

For ma major 
‘The best protection thus far advised is the débris basin, -which is | admittedly 


expensive and not sightly. is positive, however, and ite first cost is often 
less than t that of one débris : removal from | streets. hy we 


= 


apital cost of about $0.25 per cu yd was | due mainly: To its 
location in a Federal Forest area, consequently involving no cost for right 


‘case in point is the Haines Canyon ‘Débris Basin Figs. and 10) 


of way; and (2) ‘to the basin excavation created by an n operating rock plant. : 


| it was filled, the débris was removed with an average 


500. ft haul, for a cost of $0.30 per cu yd. - Débris’ basins at more than one 
locations will be needed ultimately. Their capital costs ) pet cubic 


im yard of débris capacity will range from $0. 20 to $1. 00 per yd, depending ws 


mainly on excavation | costs. Their physical locations are closely fixed, between — 


9 he canyon mouths and d the deltas, at points sufficiently toward the canyon ee 
= mouths to prevent -channel- -cutting around them and far down or on the 


as feasible toward the flatter slopes where ‘excavation costs will be least. 
ee: ‘Their ‘storage capacity i is obtained, in | part, by cut-and-fill excavation in _ 


considerable waste is “necessary due to the safety ‘Tequirement that 


thé deepest part toward | the outlet. or spillway ‘should be in solid “cut. The 


sides of the basin ma y be leveed from part of the excavated Where™ 
feasible, ‘Sside- channel spillways are advisable, thus forcing the débris flows 


to. enter from the “upper end and follow circular paths, facilitatin maximum 
deposition of -débris. Sufficient adjacent ‘should for 


ee. Where water-sheds are unburned, the operating costs of of débris basins are 


: negligible, because little or no débris. removal i is necessary. After a fire and 5 
high- -intensity storms, the basins” ‘must be emptied ‘promptly. 


The of the basin in. cut, results in excavation 
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“The spillway generally occupies” space and requires 

“to construct. On the other hand, ‘the basin excavation cover? a large 

acre to acres, or more), ‘and thus permits the use of lange equipment 
and _rapid construction. Two large power shovels, supplemented by large 


trucks, can excavate, on a conservative estimate, 20000 cu yd per three-shift 


2 sq x miles may bé excavated in from 15 to 30 days. AS Although it 


urgently needed during the 3 to 5- -yr period following a fire, | a 


a will be > inactive over the period of years when no fires have qecurred. ‘ “At ae 
best, it cannot be ‘made attractive in appearance and must be located not far 


These factors” suggest the possibility. of saving in capital investment by 


setting aside definite areas, preparing detailed plans, and constructing ‘spill- 2 


i day. _ Under emergency conditions, a basin for protection ftom an area 


; = a ways, channels, and auxiliary | structures, but deferring ew excavation of pits 


| 
flood ‘wastes will result from for ‘Pro- 

Increased drafts on local water ‘supplies h have been ‘accentuated by ecreases 
in “original: replenishment due to. paving and building : activities which have 
changed former pervious surfaces to impervious: surfaces. River channels 
have been. improved reducing thus the original wetted ar areas. The over-draft 


from wells tapping the basins between 1914 (the last major flood year) 


acre- ‘effects of ‘pumping in “excess of replenishment “is especially 
| in the basins of the coastal plain where serious intrusions of salt 


water have resulted. Here, water from wells on an area of more than. 57 co 


mi miles | shows a salt content of more than 15 grains per gal, which is considered _ 
to be the limit for human consumption. “45 


Surrace Hotp-Over Conservation Expensive 


a ea To ) provide conservation by surface hold- over storage under Los ‘Angee 
County” water-shed conditions would 1 run ‘into ‘enormous costs, particularly — 
since hold- over of floods for five years or more would have to be ‘provided. ie 


“High surface storage costs are here due to the steep —— and large number 


small» drainages that are of the mountai 


the floods from 400. having a combined 
acre- ft, at an average, capital | cost, of per acre-ft. Under such condi- 


September,1985 FLOOD AND EROSION CONTROL PROBLEMS 
— 
= 
% 
— 
— 
a 
tor prompt removal of debris deposits. Aiter mountain Cover as STOWL 
x basins may be permitted to fill until fires again indicate that they should be a a 
7 
q 
— 
_ 
— 
— 
— 
fi il 
— 
— 
— 
— 


“FLOOD 4 EROSION CONTROL F 
| 
tions capacitis must be limited to those regulation alone, and, 
5 following | storm periods, the re reservoirs must be emptied progressively at rates 7 
"permitting pgrcolation it into underground basins. ond 
Fortune there are. available ‘unparalleled natural reservoirs of high 
capacity. Create ad by the deposition ‘of sand, gravel, and boulders through 
the ages, thege basins are twenty- six in number. Dikes and geologic faults 
have underground barriers, thus forming a series s of reservoirs w which 


“ceeding basins stream. Void spaces in ‘the: gravels range from 20. 
10%, the larger values applying to ‘the main valley basins, the smaller to the 


 logichl solution is to conserve the present wastes by regulation 
“passage: into’ the underground basins. Measured 1931-32 floo od-water waste 
to the Pacific Ocean from 1 841 sq miles of major drainages, was 101 578 


acre-ft, indicating conservation possibilities: when flood regulation has. ‘been 


sufficient for percolation into existing underground basins. The 
distribution of this: flood-water waste is shown in ‘Table 11. 


TABLE 11.—Measurep Fioop-Warter Wastes TO THE Ocean, 1931-32 


Stream area, in in | acre-feet | ininches 
square nafs per square | of run-off 


Los Angeles River 1 063 
San Gabriel River yer. itt 479 
21 785 
= : 103 14 665 
Slough. ... | 4029 
Creek 


O00 * Includes pert of Gabriel ‘run-off to Los Angeles River via R Rio Hondo. 


Regulated flood flows may encouraged to percolate in _increasing 

quantities by extending the wetted areas on overlying gravel cones by “spread- 

ing. ‘representative of percolation measurements made in 1930-81 
1982 at ‘fifty- three “locations is given in Table 12. 


‘areas wetted and, only t minor degree upon depth ¢ of water. Flood 
even . when, the main débris has been removed, contain sufficient fine suspended — 
matter, with eollodial content, so that a depth of deposit of from te to4 in. 
es is sufficient to reduce the percolation rates | 50%, or more, or practically to ; 
seal. the surface. In stream-bed areas’ the “ ofa 
; ncrease percolation : rates 


carification | bs y plowing and harrowing of test sections on. 


or ‘the ‘creation of — 
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Big Dalton Wash 


‘FLOOD 


Little Dalton W 


February 5, 


December 31, 1981 


March 16, 1932. . 
March 17, 1932. . 
April 6, 1932 

April 15, 1932.... 


August 4, 1931... 
August 4, 1931... .| 


March 25, 1930. . 
April 2, 1930... 
ay 8, 1930..... 

February 6, 1931. 

April 30, 1931... 


December 30, 1931 


February 3, 1932. . 
March 16, 1932. 
Mae 17, 1932. . 
April 6, 1932... 
arch ‘22, 1930. 
May 14, 1930 
March 22, 1930... 


February 2, 1932. 
*|\Mareh 25, 1932. 


December 29, 193i 


CONTROL 


: Big Tujunga Creek. . 
BOW 

San Dimas Creek.... 


‘Spreading Grounds: 


| San Gabriel River. . 
San Gabriel River. . 


Big Dalton Wash.. 


San Antonio Wash. 


4 


receive a a scrubbing action, and high percolation rates 


PROBLEMS 


> 


per 
wetted 


ns 18, 1932. 
March 31, 1 930 


February 26, i93i- 
January 6, 1932. . 
January 7, 1932... 
March 9, 1932.... 
March 14, 1931... 


January 12, 1932.. 
January 14, 1932. . 
May, 1930 
September 29, 1930) 2. 


6.96. 

38 

February 26, 193i. 

March 11, 1931... 

April 27, 1931 

April 27, 1931 
arch 22, 1932.. 

April 18, 1932.... 


can | be ‘maintained. 


a . eae necessary range e between 2 2 and 4 ft per sec and must be supple; 
mented flushing ‘immediately before, and immediately after, a run, ‘The 


should exceed: th 


flushing” 


arorsed 
aut fous 
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increase 


urnish the complete solution for the percolation of waters 
sediment. It has been proved, however, that by keeping the j 
ater moving and by flushing certain areas, the top gravel layers’ 

‘| 2-81 
4.24 
[San Antonio Wash... 

ig Santa Anita Wash February 18, 1931 42 
1.79 |Atroyo Seco Wash... 
3.18 |Walnut Creek....... iim 
2.45 San Fernando Creek. 
| 1.85 Pacoima Creek...... 
2.66 | Average 
| 1.75 — 
| 1:88 — 
| 4 1.36 
| 0:95 
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Under it is ‘Possible to provide 


m $0. to $0. 50 per acre-ft of water the quan-— 


: Ass a practical av average sities from 0 0. 5 ‘to 1 cu ‘ft per sec per gress ar 


‘Under physical and weather conditions as ‘deseribed the conclusions 


Flood Flows. —On the larger mountains with “vegetation undisturbed, 


total of 10 in. ¢ a: ‘rainfall will produce sufficient saturation t to permit marked 


‘run- off. Storms « of intensities of 1 in. per hr and more, if closely following 


‘the saturation period, will produce floods, their magnitude rising rapidly 
‘Twenty-four hour i intensities m may be expected, 


varying from 3 in. on n the coastal plains to 13 on the mountains, with 


‘ sustained 1- hr intensities of 1 in. to 3 in. Under r the higher ‘intensities, 


following saturation, flood f flows of 400° acre- e-ft per day per sq mile are possible. ible. 


With | the characteristic sharp peaks of these areas this quantity will repre- 
‘sent a 1-hr peak of 400. cu ft ‘per sec per sq mile. The’ regulatory storage 
needed will depend ‘upon the economic balance between channel costs: and 


costs. In Los Angeles County its range” is from 150. ‘to. 300 


On ‘the: lower foot- hills and valley areas with high percentages of impervi- 


‘ous surfaces, little. or no o saturation is needed to produce ‘an immediate — 


It is necessary to anticipate future develop- _ 


ment both ‘and industrial in designing drainage channels" in such 


areas and to set. aside | adequate | areas for the ultimately ‘required ‘drainages. 


a Débris Flows- —After a normal water- shed cover has been destroyed, — 


‘The protection from: is, the normal vegetative “cover. 
Erosion of a “shed. removes portions of 
soil capable of vegetation. . Sufficient regrowth to afford protec- 
tion wi 5 to 10 yr, depending conditions and the 


tection débris storage; ‘this can be afforded by ai 


Ani 


or near the mouths ‘the canyons. 


depending upon slopes and intensities. The larger quantity may result 
intensities as low as in ‘per hr. 


low 


and may be as 
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Burning of water- sheds ; is not always of human origin. Lightning is one | 


cause. Even with the best possible fire-prevention ‘measures occasional fires 
willl occur. Even a foot- hill water-shed 1 eq mile in extent may produce 
sufficient ‘débris to cause heavy loss of life and immense property damage, 
when it is located above developed territory. I In such areas, basins ‘should 
“be at least set aside; complete detailed plans prepared for their construc a 
tion; and the auxiliaries of spillways 8, etc., ‘should be built, so that in ‘emer- 
-gencies they may | be constructed ‘promptly. 
Conservation —Provision for flood regulation for protective purposes will 
capacities in excess of 1 that required for conservation of the flood waters 
that will result from increased percolation, which is principally in propor a a 


to the stream-bed | areas wetted. Where increased percolation above that 


of the iatural channel i is “needed, spreading systems may be built at costs: of | 


acre- ft per day per acre. 


Soc. C. E., who. made, for the Los Angeles ‘County Flood 


trict, the report on the Big ‘Tujunga water-shed, quoted i in this paper.  Appre- 
ciation is expressed to the ‘many members of the District staff who ‘collected | 


basic data from which this paper has been prepared; and, in 
Hay, Assoc. M. Am, Soe. ©. , Chief -Hydrographer, and 
RS. Goodridge and F. J. Cornick, "Assoc. Members Am. Soe. of th 


ana 


Hydrographic Department; also, to Mr. . C. Kenyon, IJr., in charge of 
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Discussion 


was calles to construct the tia boun 

work, however, he has not had occasion to make use of it. fone 

“f tion is , merely a limiting case of the latter, in which one of the bounds be- he 

comes, infinite, and in the problems has considered the ‘hounds, 
obviously, have been finite. Perhaps one. of the reasons that much of the 


work: of statisticians has been unavailable to the engineer for et 


- investigations: is that statisticians are interested usually in graduating the 
middle range of a frequency distribution, the extreme outer 1%, say, of a 
the distribution being of relatively slight importance to them. The hydro- 

on frequently interested mostly in this outer 1% 
tion on of the limits of the range. js absurd for a probability function to 
give a finite probability to a Noah’s flood. . In modern times, there simply is 

not enough energy resident in the atmosphere to produce anything like i it, 


Equations (45), as given in writer’ 8 paper, are based on an easy: gen- 


and that it is ‘a a kind ‘of artificial tour de forse? : 


as Mr. Fisher expresses it. In the paragraph following these equations, 


i 


writer states that their form will probably need modification. A more 
ded analysis has shown that this is indeed the case. Their correct form, i 


-Nors.—The aper by J. J. Slade, Ir., Bsq., was published in October, 1934, 
Discussion. on t is poner has ‘appeared in Proceedin, 8 as follows: ‘January, 1935, 

essrs. Gordon R illiams and H. Alden Foster; February, 1935, by Messrs. R. D 
Goodrich, and F. T. Mavis; March, 1935, by L. Standish Hall, Assoc. M. Am. S wess Cc. E.. 
“pri, 1985, _ by ‘Arne Fisher, Bsq.: and May, 1935, by Arthur 
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In his Mr. Williams states t! that ‘ ‘mathematical tre treat- 
ment of stream- flow data a presumes at the o utect that all the data : are equally. ads 
” and, from this, he infers that there are limitations in the e analytical ; give 
thod are partly absent in the graphical treatment. The analysis of 
physical problem begins when all the data relevant to ‘the problem are 
a known, and these data necessarily include ‘a knowledge of. the reliability of N quer 
observations. The. purely mathematical treatment begins, first of all, 
with the proper weighting of these observations, for which various methods eo 
are well known and widely used. The writer can not agree, therefore, with ; quit 
the idea that farohe analytical method is inferior to the graphical because the eng’ 
ree-hand curve “can be shifted to | give ‘more or less weight to certain points.” z spec 
oes Boe illiams’ | objection to listing the complete set of peaks in a stream- ofa 
flow: rd is well taken. In the first’ place, it is difficult to ; ie e a peak, ie t 
‘particularly in the range of small flows, as he observes ; second, ‘it is difficult -* 
Oo estimate above what datum the peak should be taken (that is, statistically, - offer 
peak is an accidental irregularity above a smoothed hydrograph, and it yiel 
‘difficult to smooth the hydrograph properly) ; and, third, peaks are not uncor- HE 1 
oO related quantitie and, consequently, a simple’ analysis of their distribution regs 
is not possible. — In presenting this paper the writer limited himself to the ) der 
analysis” of the generalized probability function, and he did not. attempt to  tist 
“offer a method for the analysis of stream-flow characteristics. illustra- | gray 
tion of the peaks of the Tennessee River record 1 ‘was given merely to. show | F his 
that an extremely skewed and platykurtic distribution could be closely fitted ee 
by means of this « curve. Using the corrected Equations (88) and an esti: 
4 mate of the extreme flood (415000 cu ft per sec) based on the following - tica 
method, a much closer fit is obtained. 
The use of the partial series. of peaks above the “ one- “year flood” is “open, or, 


least toa fourth migting probably t that an cence, , which 1 may 


The writer concurs with Mr. Foster’s opinion. that Pearson’s curves satisfy 


all the desiderata presented in his paper for. a generalized frequency sie 
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provided all the _ types in Pearson’ development are included in 


- the border cases one type cannot be substituted for | another, ‘and in order ‘ae 
to: ‘select the proper type for a given; distribution it is necessary to use Pear-— 
son’s criterion something ‘equivalent (implying the. computation of 
through the fourth). statistical characteristics beyond the 
standard deviation computed from small samples (say, samples with 7 ee 


than 100 items) are so unreliable that they are useless. This s statement needs ~ 
nO mathematical proof (although | such: could be readily given) ; 7 the experi- 
‘ment may be tried’ of drawing small samples from | a fairly large ‘population, — 
@ and, from these samples, the mean, standard deviation, and ‘the skewness may 4" ee 


| 


be computed. will then ‘be found that, although the first 
istics will vary, they will show a remarkable uniformity, n 


vared with ‘the wide fluctuations in the latter. 
Table 22 meets the objections to the labor involved in ‘graduating dis- 


‘nie. by means of this function. If greater detail is needed than is 


given i in this table, then, by. perfectly straightforward computation and ‘the # 
use of tables of the probability integral, Equations (88) may be utilized to 
“fill; in this detail. Tables of the probability integral have been published fre- eh 
quently and distributed widely ; Mr. Foster’s statement that these ‘tables are 
“not always available to the practicing engineer ” and that even if avail- 
able, might easily lead ‘the average engineer into difficulties” is, , therefore, 


quite disturbing. ~ The answer to this “objection i is probably - that the ‘ “average 


engineer” should not attempt, with his small equipment, | to analyze a highly 


specialized. and difficult problem. | ‘Undoubtedly, it is true. that some “kind | 
of an answer may always be found easily to. any statistical problem, but it is 


; in the interest of ‘ “practical purposes” that this answer should be qu stioned 


and its tested: “It is unfortunate that statistical does not 


Both Professors | Goodrich and Mavis disagree with the writer's 


-Tegarding the undesirability of graphical methods of analysis, These st 
‘ments the ‘writer intends, of « course, to apply to. the graphical analysis of sta- 
‘tistical problems specifically, — because he is well aware of ‘the value of | 
graphical analysis: in general. Without entering into elaborate arguments, 
his: objections to the graphical method may be stated briefly, as follows: a 
n- i-parameter ct curve is to be ‘fitted to a set. of data, then exactly n inde e- 
pendent statements must be used to determine these parameters. If a statis- 
tical series is ca able of furnishing four indep endent, ‘significant character- _ 
pable of pe gnifica 

ies (for “instance, the mean, standard deviation, skewness, and | 
or, as the writer prefers for small samples, the 1 mean, . standard deviation, and 
“the two end points of the range of variation), these Statements 
- sufficient to determine reliably a four- “parameter curve; more parameters may — 
be determined making us use of moments higher than the fourth, or by 
2 the method of Teast squares ; but if the significant characteristics of the dis- 
tH bution are only four, the added work is meaningless; that is, there isa 
definite which the flexibility of a curve is undesirable. 


a free-hand curve is a many- parameter curve (theoretically the number 
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‘parameters is infinite), and there. seems to. be n no of making the order 


of its flexibility agree with the flexibility that the Statistics can 
Professor method undoubtedly gives closer fits a grea 
aunt cases than are obtained by the function the writer’ proposes (the partly | 


bounded function is obviously not flexible iota’ to represent the variations 


es 


in the samples given as illustrations), but this added flexibility is searcel 
a desirable feature when dealing with inadequate | samples. 


of the: constatite a curve > fitted ‘eet data may be computed by 
i - the methods developed from the theory of least squares because of the reason 
able assumption (in most cases, at any rate) that the variations in the obser: 


vations from the true functional | relation follow a symmetrical law closely 
represented the Gaussian normal, In fitting curve to. a ‘statistical 
series, | however, the errors arise in an entirely different manner; ; they are 
errors in the characteristics of the distribution function itself. These errors 
are seldom small quantities the first order, 80 one is -searcely justified — 


ing computing the probable errors of the constants of the curve from ye: 
even though by means of them t! the difficulties of correlation emphasized by 


Messrs. Fisher and Kemper obviated (since statistical characteristics 
mutually inde ependent). In 1902, Pearson gave™ the probable errors of 
statistical characteristics. _ The writer uses these values, reducing the order 


ry 


a of the moments to any desired degree by a a suitable recursion formula _(Equa- . 
tions (22), for instance), and computes" two curves, one with the errors ise 
added to the characteristics as computed from the sample and the other with» 


4} the errors subtracted. | This gives a range within which the curve . character 


me of the ‘population has something better than an-even chance of lying 
The important and difficult subject of errors of sampling has not 
received adequate attention from engineers, WO 


Professor Mavis raises an important question with regard to the rep - 
sentation of finite ; and discrete variates by means of a smooth frequency 


curve. - I Few phenomena i in applied mathematics have been so misunderstood 


the ne nature » of a frequency function. A smooth ¢ curve does not that 


not give frequencies. The frequencies are always” given by the 
area. included the curve, te class and class limita. 


ordinate of a class 


2: 
estimate the frequency of” the ‘the: class limits. 
in the continuous case, the frequency of a single value is always 2 zero. 


53 “On the Mathematical of the Errors of Judgment, 
ons, Royal (London), A 198 - 235-299, Vy 
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although in so-ealled derivations, still abundant in treatises, such motions 
— 

| 

the class interval is taken as 1) is 
| ee ly close to the frequency of the class, so that this ordinate is often taken eee 
an the frequency; but the frequency is always given by an area. When the §$ #7 

— 


In calling the totally bo bounded function the most baie te 
tion, , the writer is ‘stating a definition ‘and, consequently, cannot be falling 
into a logical error. He is, in effect, formulating physical law. This 


is empirical, it will take and ‘Bot’ mathematics 


tions are not infinite in’ are not mutually independent, then 


two characteristics do not ‘suffice a and ‘two ‘others must be introduced. 


nora the’ most general “homograde distribution, more ‘complicated distrib 
s being - merely ‘superpositions of this type. 


os ‘Thiele s observations, as mentioned by Mr. Fisher, regarding the ‘ ‘pseudo: 


ee normal”. variate, t = - A(z), are not discoveries i in the theory of statistics, s, but 
merely: special cases of theorems from the general theory of curves. Any 
two curves, provided they “satisfy certain conditions of uniformity, 
always” be transformed into one another by suitable transformations. 
é theory ‘pseudo- -normal” variates, “therefore, is quite as general asthe 
J “Gntegral equation « or the Gram- -Charlier formulations, — The great use « of such 
eereneervadieg (and the writer has availed himself of it) is that tables of the 


he did not notice, until it was ‘too late to’ acknowledge it , that ‘the partly 

bounded function is exactly equivalent to his generic function; he was con- 


on ‘Mr. _ Fisher’ 8 treatise, by ‘the discussion of the 


when | dealing with small samples, for reasons already stated. 
~° The work of ‘the Danish statisticians is known to the writer only through — 


Fisher’ work: and he v was not aware of Thiele’s generalization, Equa. 


this in of ‘the statistical. characteristion; in this’ respect, “at any 
e, the writer has shown some originality. ‘The awkwardness in the writer's 
presentation, referred to by Mr. Fisher, was to a large extent, 
In the first place, the writer has definite limitations of expression ‘@nidknow!-. 
edge; in the second place, the ‘ ‘obvious” detail in ‘the analysis and the choice 


‘of mathematical’ procedure wad! deemed desirable: ‘in presenting a paper of 
this sort to engineers instead of mathematicians. . In defense of the analysis. 
f Article 6, Section If, which Mr. Fisher ‘considers: superfluous, the writer 


a! 


shou uld like’ ‘state the. approach of the logarithmic function to the 
limit, — the skewness vanishes is by. no means self- evident, (although 
be. well. known ta If. the transformation chosen had 
‘been the simple ‘ “pseudo- normal” ‘variate, t = h(x) = az’, then for no no value 
the parameter, a, would the result ng ‘curve have ‘reduced 


Thi 
th 
the 
— 
n° 
ts are distributed, to a hig ‘Aviation care the two char- 
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Thiele’s. theory Thicle’s theory leads to the for 
the vanishing» of the higher parameters simply because of the form he chose 


for semi-variants. Another form would have led to a different funda-— 


mental function. The theory of integral equations teaches « one that the 


WA 


< normal functions of a problem depend on the kernel of the « equation and not ‘ 
on whether the equation arises in the theory of statistics, or in mechanics, or =. 


4 


in in some other ‘manner. Thus, ‘it happens that Equations (75) and (78) are 


mathematically ‘equivalent, Both represent any | function, whether frequency 


or not, which i is continuous and vanishes, | together with: its first derivative, at 


ee ix Mr. Fisher is inaccurate. in inferring that the writer’s statements regard- 


ing the _generality of these two equations ‘implies that a Fourier Series 
inferior to. Taylor series. What. they do imply is ‘that: both the Fourier 
and the Taylor series are mathematical. devices which sometimes offer 


comparatively easy “means of solving a difficult problem — ‘more often 
not the solution thus obtained will be formal and of little 


- 


and “minimum floods from a record of yearly floods. In this 


have been determined only for use with yearly floods and as 


it stands, it is not applicable to the example furnished by Mr. Hall, The 
of the ‘equations has been suggested by ‘theory—physical and statistical 


but their use in their present state can be justified only by the consistency 


of the results obtained by means of ‘them in the problems attempted by the 
riter. . The following quantities are used: = maximum upper 


from the mean, where the mean is taken =z 


on from mean; go = maximum observed upper deviation; he = ‘maximum 

observed lower deviation ; area, in square miles ; M 


flood, ‘in 
| sing logarithms to the base 10, compute: 
vas oh | 5 log: N. - “lL 5 log +- Jo } A 
from which the maximum | upper deviation is computed by the formula: oe Y: 


posta tail 9 = (1 0.74) (00 


. cubic feet per, second, the maximum flood Ma 


IY 


ns — 
— 
— 
— 
— 
— 
cs ta 
ay 
“tei 
a 
— 
d. — 
: 
| 
— 
— 
— 
— 
— 
that where go appears 4 


say, from: whi ‘i 


is substituted. 
preg. 


‘the minimum flood i is given in feet per second by M 
The le late Allen Hazen, M. . Am. Soc. C. E., , presented” mi an example that . 
; shows the effect of the large flood of 1913 on the yearly flood record | of the 
Hudson River, at Mechanicsville, N. the 23- -yr record™ ending in 1912 


is taken, then NV =' =' 23; . A= 4500; M = 41700; g = 0.43; and, b = 0.37. 


Substituting these values in Equations (89) (90), is found 
g = 2.225, from which 3.225 x 41700 = 134 600 | eu ft per sec for the maxi- 2 
mum flood. if the: 34-yr record® * ending in 1923 is ; taken, then the quantities 
are: N = = 34; ; A = 4500; M = 44000; g = 1.56; and b = 0.41; and thus 
= 2. 285 and the maximum flood i is 144 600 cu ft per sec. Although the two | 


. graphs show quite different characteristics, the values computed from them 

for the maximum flood are seen be fairly close. Likewise, from two 
records of the Arkansas River,” the maximum “ie is computed to be close 
to 50 000 cu ft per sec. These two rivers have equal drainage areas, we | 
quite different flood and storm indices. storm index as. herein given 


is a very variable | quantity and ‘characteristic of the particular record only. ‘ 
ee Table 99: (a) Find the mean, M, a nd the standard 7A 


First- difference interpolations will | necessary. compute 
(ot which i is plotted against the corresponding -of-time. 
ee: “ane Table 2 of the p paper sx simply gives the: particular « case in which | g is infinite. 
* ‘it ; may | be stated explicitly that the tables a are computed : for ¢ = , but that, : 
‘because of the homogeneity of the function, any standard deviation | is take nm 
into account in Step (d)_ of the foregoing instructions. is “greater 

‘than ‘the funetion i is skewed. Because of the symmetry in ~~ 4 and g of 3 


, the be 


in case, if an attempt is to ‘the curve with this it 
found to be» too far off the main body of the statistics—the 1913 flood pulls” 
it up considerably. Even this s poor fit gives to this flood probability 
being ‘equalled or but o once in about 1 000 | yr, ‘so that since this flood 
: contributes vastly more than its share to the standard deviation, o one may 
conclude that a better estimate of this value may be inade by taking only the E 
lues that exclude it. . In this way the standard deviation is found — 
1930, 
Loe. cit., Fig. 38 89. 
® Loc. cit. Big. 15 p. ne 
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M ETRIC F PROBABIL. 
Cor all these computations ; the flood ‘magnitudes have been scaléd . 


s previously cited,” and 10-in slide-rule has been used. ) 


t 1e standard deviation, first calculate, 


AB 
the requir d error is is given . oe 


is ‘obtained ‘Pearson's relations for the error the 


connection with the recursion formulas, ‘Equations and 


d 
or Pros Cu 


~ 


as 1s to be applicable to the function. are 


‘Hudson River, the e error is s found t to 0. 04, curve 0. 26 0.04 
= 4.36. From 


= 


September 
from the diagra — 
— 
moments i 
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— 
; 
columns for) = 1.5 and, = 20, 
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Wee 


0.36 times ‘the differences between the entries. in Columns. “and (2), 
Column (8) is | ‘obtained. Column (4) = 03 x _Columa (8) + and is 
‘plotted against the %- -of time values given in Column (5), Table 23. The a 
curve is is shown in Fig. 9. ‘For o = 0.26 the curve is Slightly flatter and 
crosses ‘the | plotted curve at about the mean. af fan at. 
Equations (89) and (90) ‘should not be of less han 
000 sq mile nor records of less than about 20 
Acknowledgment—Equations: (89) and (90) developed while the 
writer was employed by the United States Geological Survey on the work a 
of the Mississippi River Commission. pis The writer wishes to express his great a 
indebtedness to Messrs. D. Abramowitz z and A. Mandel constructing 


Table 22 and for much other assistance, and to Thorndike Saville, An. 
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ANALYSIS OF ‘CONTINUOUS § STRUCTURES BY 


“TRAVERSING THE ELASTIC CURVES 


EWART, C. 


W. ART,” M. AM. Soc. C. E. ( (by, letter) “_The discussion 
(ro 


brought “up 4 questions ‘relating: to ‘specific items not satisfac: 


answer the it will be ne 


Figs. 12(a), -12(b), and 12(c) ‘show moment areas and ae? posi 

tions of their centers of gravity for all” conditions of “normal loading; 
Figs. 12(d), 12(e), 12(f), 12(g), and 12(h) show diagrams for beams 
constant cross-section having various conditions of end restraint. 
double hatching indicates a fixed end; ‘the ‘single hatching a restrained (but 
not fixed). end; and, absence of hatching, a hinged end. In the ‘following 


q quations, Z vis t area of the simple — -diagram and A, ‘the area of a 
shown), y with a base extending the full length 
of th e beam and an altitude which is the end moment due: to restraint, divided cow 
AS by E and I I. If the beam has a constant cross-section and is of the ‘same 


material throughout of bey are not involved, both 


4g, Nore. —The paper by Ralph W. Stewart, M. Am . Soe. C. E., was published in October, 


1934, Proceedings. Discussion on the paper has appeared in Proceedings. as follows: 
nae December, 1934, by Messrs. Garrett B. Drummond, Austin H. Reeves, E. G. Paulet, 
Adolphus. Mitchell. and David M. Wilson; March, 1935, by Messrs. W. H. 
R. B. Ketchum, A. and Ivan M. ’Nelidov: and May, 1935, by ‘Pang Tsai, 
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10. 
For these beams of sec- 
id all A \-angles in 1 the traverse 
are at the. one-third length points 
and A = , in which | 
the appurtenant end moment. _ 


For cases in which a traverse 


Vik a single trian le, it is. 
often ‘more convenient to use the 
aa, angle relationships of the triangle 


for obtaining values. of the un 

knowns to write a traverse 
equation. In Fig. 12(d), the isos- 


celes triangle formed | by the 
traverse A=34A, and from 


(the, 


wl, In Fig. 
I 


Therefore, My 


}: 
PAE 


did If the load is as in 


M 1 Pat 


in ‘slope: deflection) > or loading from left to right: 


| 


eee 


As 


and AQ 9) in Equation 6D. Solving these equations for . and As 
substituting the -values of the A- -angles, standard slope deflection ‘equations 


ia 
— are 
| 
—. 
— 
the 
im 
— 
= 
— 
— 
4 
tive, as 
to lef (a7) 
sand right to lef 
— 
— 
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beam nd loading are ‘symmetrical, 
often’ be used ‘to advantage in solutions. In formulas’ as 
_ tions (66) and (67 ) only the coefficients of 1 are used as l, if written in each | 


rs In Fig. -12(h) a dominating moment in an adjoining span has reversed 
direction of the end slope, This will be discussed subsequently. 
Fig 18 “illustrates the of a beam of variable section and com- 


Bis 


ative 


8 - 
he. 13. 


15 = = 25.56 
gok 
0; A: = and M, = 63.30 x 

This solution gives the | -end ‘moments 


by moment | distribution. Their solution ‘as herein 


shows that the traverse is applicable to fundamentals. 


__ Frequently, in a continuous beam, , the direction, of rotation at a support — 
callie be forecast by inspection, ‘and the question arises as to how to apply 
the traverse. This condition is illustrated by Fig. 14, in which the slopes 


Analysis of Continuous Frames by_ Distributing, Fixed-End Moments,” by 

‘Hardy Cross, M. Am. Soc. C. E., Am. Soe. C. , Vol . 96 (1982), p. 102; 


3 
ta 
i 
— 
Serine 
ive been preser 
i, 
me 
— 
— 


tion by. ‘the sizes ‘the rangles. Disregarding this, 
obvious, | error in a the write the traverse equation: from left to : 


; 28. 30 As = 2160; = (The ‘signs in 


equations follow the rules: for slope deflection.) Solving, Ms n = 6.85 


17. 61. ¥ Continuing the | solution it is found that On = 


affected by the 


now 
i 


and 


secting ° the nes 1 until proper closure is obtained. | result would bo 
“rather rough, probably more accurate than that obtained by using the 


7 


ah 
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 :over the intermediate supports ar urposely drawn in t ec- 
The procedure for drawing the traverse lines is described in connection an 
— . 
= + 19.57 I. The solution was error in tl 
is rs diagram. Attention is invited to the fact that a mecnanical solution of thi a 
— 
— 
— 
— 


and that it errors i in 1 assumed direction of joint rotations are disclosed while — 


the traverse is being drawn, is an advantage of 1 no small importance, which 


‘eb The discussion of Mr. Nelidov shows comprehensive understanding of he 


erse method and also shows that it can be applied to frames with sloping 

oof, members. In order to do the method justice, however, it will be neces- — 
to show a shorter and simpler s solution of the problem he pre- 
sented. Fig. 15 shows (in its deflected position) the same frame and mee 


Fig. 9, , the right half indicating the elastic curvature and the left half, 


traverse diagram. The value of As results from the relative ‘stiffness 

ce 

_ factors of the ‘column and the rafter. er, The value of A, is obtained by ommne- 


_ Beginning at t A; the following traverse “equation for the horizontal move 
ments of may n now be written: sider 


the half of the frame two moment-shear equilibrium equations 


one for the column and one for the -rafter—may be written as follows: 
= 500 xX 10 


in which H ‘equals the horizontal thrust caused by 


forming M-values to A-values, Equations (68), (69), and (70) ‘are easily 
solved, giving H = = 220.1, and ‘moments with those found by 


e of ‘Wauations 


No trigonometric ft functions are necessary in, solution, the 


and size of equations are less impressive, and the labor is reduced. can 


to structures and loading. The following illustrations will show 


its solution may be checked conveniently res ditlie methods 
e method of approach to the 


lect as es 
simply joint would be be equal to end 


of the simple beam, | and the spread, dy = d+ ody, at the bottoms of 
uld be equa to the : sum of the end: slopes times the: height 

frame, hited” is equal to the area of the ——-diagram for the beam 


idered? as simply supported) times the were of the e frame _ For equilib ¥ a 


— 
| 
‘Bx 
ae 
(69) and (70) are used in the analysis of wind stresse: 
a — 
— 
— 
— 
— 
t 
— 
— 
iz 
4 a 


a s of the columns equal to 
the spread, dy, as indicated in Fig. 16(b). Thus, in Fig. 16(a), todde 


dy to ds; letting! k the ratio of the stiffness of the beam to the 


are statically 

e. This solution. into account of ‘side- “sway. 


Dri 


 ~Fig. 17 shows unsymmetrical loading for a hinged-base, gable roof frame 


aa variable moment of inertia. _ Following the method of approach indicated 
for F ig. 16, the equations by which this frame m may be solved ar are, as follows: 


g. 17(6), hortonr setovexd - 


dy = 2(Aihs + Ac 


With the problem becomes statically solu 
tion also includes the effect of side- “sway. ad? 


; ‘These applications: of f the traverse method show that it, is not restricted 
in its : scope as are , slope deflection and end-moment distribution . The latter Bi 


methods require the assistance of some other type of analysis: to obtain. 


roo 
A 
wh 
— 
— 
— 
— 
= 
to 
— 
or 
— 


-end moments They 2 are also unsuitable for with, 
roof members. The traverse method is applicable 1 to the entire field of ‘flexure, 
in which ‘moments only and straight members only are involved. Even 
_ where axial ‘shortening of members is involved the traverse can be passed 
through the altered positions of the joints as as shown by Fig. 10, and solved. sige 
The method, to be entitled to the adjective, “general,” 


Paulet bending-moment diagram should be available 
as a a guide, so that the traverse can be sketched. Proper observance of laws 


governing» the angles will make it as easy or easier, drew the traverse 


ak. 


ae Note that in all diagrams each obtuse angle which is the » supplement of is 


each A- angle , presents its opening » toward the load, and if there is ‘restraint 
to resist free rotation of an adjoining joint, there will be a A-angle of oppo- ae: 
site direction between the A- -angle and the joint. Using this rule the writer 
finds: ‘it easier to draw the traverse first, the moment diagram being either 
" omitted or drawn as a by- product of the traverse. It was noted with wastes nal 
that Mr. Nelidov omitted the moment | diagram from his Fig. 9. 
Paulet gives Equations and (16) to. express the series ‘for rela- 
__ tive moments and slopes, respectively, i in ‘Fig. 6 (c), with the letters exchanged a: ¢ 
for the series in Fig. The fact a single simple equation—namely, 
= 4M Mn — Ma. in which M either moment or slo e—expresses 
the law of pro progression for all four’ series is of more interest. act 73. 
With reference to Mr. Paulet’ feeling t that for single spans the moment- 
area method i is preferable to the t traverse method, it is ‘suggested that Fig. 13, a, e 
and the supporting text, be examined. The traverse method is simply an “ 
amplification of of the -moment- -area method by expressing ‘moment- relation- — 


a geometrical traverse, which | clarifies the discloses 
a check, and also. an easily 

statement by several discussers that the traverse method compares — 
in ‘speed with other ‘methods ‘merits a brief investigation. ‘The 
solution for Fig. (3 was presented in complete detail to illustrate the prin- 


= of the traverse. A computer familiar with the » method ¥ would not write 


| 


wo lines. intersects ‘to. form a or r A- -angle, note | that. intersection. dis 
lays both acute angle (the A- angle or the A- angle) and an obtuse 
j angle which i is the supplement o of the A- -angle or the A- -angle. Designate >angles 


with obtuse openings that face the interior of the frame as “negative and — 
angles with obtuse openings that face outward, as positive. The ‘sum 


of the negative angles. must equal the sum of the positive angles. Noting 
hat each column traverse forms an isosceles triangle, lene computer can add 

bsequen steps can 


n 


_ September, 1985 STEWART ON ANALYSIS OF CONTINU®US STRUCTURES 

. 

7 

— 

| 

¥ 

2 

.—l 

a 

—— 
| — 
— 
— 


STEWART ON’ “ANALYSIS OF CONTIN UOUS STRUCTURES _Diseuasions 


A good of: the’ of the traverse method i is, given by Fig. 18 


which is the demonstration problem ‘used by T. Y. Lin, J un, Am; Soe. E., 
in his paper “A Direct Method of Moment Distribution.” Let equal the 
‘curvature Jin the: ‘bottom member due to one’ of i its ‘end moments: Then A. 


4 


Lengths of Members af 


| shown, ‘The fixed- end moment of 1000 at the end of the top. ‘member ‘gives 
of. 167, 2 as shown. ‘solution i is now given: “by the equa- 


iS. ture: due to the end moment. in the beam, by stiffness ratios, will be Z. 


the’ ‘closure of the! under the end “of the: ‘upper beam ¢ gives, 
A = =! 167, from which A 26. 2, and the bottom » and top ™ moments in the 4 


respectively, 105.2 and 368.2, This. is a direct solution which 
_ appears to the writer to be more expeditious than the previous solution cited 
and will compare well with solutions by 


is 


— «Sep 
— 
equ 
— 
— 
oll 
aly 
ratios 
Be: ee A, = 0; and, therefore, A, = 7A. The upper joint rotation, by adding JR 
— 
— 
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Fig. 19 two- “story frame with members all of which have 
equal stiffness factors and joint rotations with unknown. directions. Assume 
direction of joint rotations as shown, and write, by inspection, vall the 
angle values shown on the diagram m, the A-value at the lower third point of ey 
a the upper column being obtained by balancing moments about the adjoining — ae 


Upward ‘and downward traverses ‘of. the upper column now give: 


= ifP< 30, the rotation. i s positive, as shown, and if P > 3Q, the rota 

‘ Continuing the solution it is found that if Q > 5P, the left top. corner 

of of the frame, will. rotate contra-clockwise. It is observed that ae: 


ing unknown directions | of joint rotations. ai 


‘Mitchell showed an application of ‘the traverse method ‘to Fig. 


"assuming that the column bases are 50% fixed. ‘The traverse ‘method, how 
ever, offers: a shorter solution than by him, follows: For 


columns fully fixed at base, A AL = As For fixation, A AL become 


a 


angles, write at ‘once =- which P agreeing 

with Mr. ‘Mitchell's result, but ay: with his an, 


a 
of equations required. 


Professor: Tsai indicated i his di 
the traverse method. ‘His equations showing ho simple 
and the positions of their centers of gravity may be derived from (although — aie 


“given in”) the Ruppel tables* constitute useful contribution | o the 


a Bee are operties of 1:2:3 diagrams in “Improved Method of Finding Beam > Deflec- 
tlons, by Iph W. Stewart, M. Am. Soc. Cc. Owil Engineering, 1934. 


| 
: 
| 
— 
~ 
— 
| — 
| 
— 
ele — 
BE 
— 
— 
ee 
| 
7 
will be two-thirds of the change in tl 
gotation will present ite obtuse oveni 
‘rotation will present its obtuse openi 
the sum of the negative angles arou 
— 
— 
i 
{r. Mitchell that the traverse method 
tion”, nor with his findings as to the | 
ction”, nor with his findings as to 
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Professor Wilson has also srasped traverse ‘method, but to ‘hie 
most workable the special 

“methods?” f = this connection it ‘s worth noting that Hardy Cross, M. Am. 
Soe. C. .z has stated” that for single bents he preferred the column ioe i 
_ method” to 0 the end moment- distribution method. The traverse: solutions for § 
single-span frames, including arched frames as given herein, should certainly 53 a 
ompete with the column analogy, especially for frames of variable ‘moment > ; 

i of inertia to which the Ruppel tables are applicable. Of si ERE 

‘The writer thanks Professor Drummond Reeves, Mr. Kirkbride, 
Profes or R. B. Ketchum, and Mr. Floris for their interest and the last | 
hree particularly for their encouraging» comments. He feels that consider- 

ing the versatility and general applicability of the traverse method, it should | 
‘is superior to slope deflection in the following respects: It 

an easy graphical verification of the computed analysis; (2) ‘it uses 
basic principles rather memorized formulas (“the ‘anesthetics of 


Oe 3 (8) it does not t require the assistance | of 8 some e other sr method we 


‘It is superior to end-moment in Items (3) and (4), and also 
in at utility i in deriving specific | formula which recorded for futur 
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Y HERMAN | STABLER, c.C.E howd 


“Herman M. Am. Soc. C. E. (by letter): °__The has per-— 


; as formed a real service to water- “supply engineers by making available for ready 

reference such a mass of quantitative information on the silting of reservoirs 3 
and the suspended matter | carried by streams. ‘His statement of the’ silt prob-— 3 


lem ¢ and his discussion of the o origin, transportation, control « of ‘silt 


and of sedimentation processes" include a summarization of facts and prin. 
 eiples, largely devoid of expressions of opinion, that serves ‘to round out a 
general picture of the silt problem in a manner both interesting and illuminat- ae 

In his discussion of the origin of silt the author on geology 

but, in the writer’s opinion, ¢ gives it too little emphasis. As defined by the © 
- author, silt is stream-borne material derived from the disintegration of rocks. 
Two processes, weathering ‘(disintegration in place) and -corrasion (the tear- 
away or placing in motion of disintegrated material) are involved in the 
origin of silt, and the speed of the first of these processes is materially affected 
by the nature of the ‘country rock. Igneous rocks, in general, hard, 
= dense, and crystalline ; and they weather slowly. The older sedimentary rocks 
are likewise relatively dense and offer resistance to weathering. younger 
sedimentary deposits, particularly ‘recently la laid alluvium, are especially sus- 
ceptib to rapid weathering. Consequently, other things being equal, regions 

of f igneous precarboniferous: rocks. regions clear- water streams, 
and regions of recent sedimentaries and valleys filled with alluvial: ‘deposits 
are most. likely to give rise to streams heavily laden with silt. Al 

Among» the younger sedimentary rocks, differences of texture and cemen- 
tation are reflected by differences in speed of. weathering. Loosely 
sandstones and friable sandy shales are readily to weathering and 
 corrasion and are ‘prolific. producers of silt, ta. the. 

chemical composition, of rock material is likewise a factor in the silt 


problem. Rocks that contain high percentages of aluminum silicate weather 


) 


oe Nore. —The paper by J. C. Stevens, M. Am. Soc. C. B., was published in October, 
ee 1934, Proceedings. Discussion on this paper has apeared ‘in Proceedings _ 28 follows : 
February, 1935, bv ‘Harry G. Nickle, Jun. Am. Soc, C. E.; March, 1935, by Messrs. EB. W. 
Lane, and Frank E. _Bonner; and May, 1935, by Messrs. Morrough P. O’Brien, Harry F 


*Chf., Conservation Branch, U. S, Geological Survey, Washington, 
Received the July 29 935 
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ON PROBLEM 
‘into clays with fine flaky particles readily semen 40: corrasion and water 
‘transportation. Regions of ‘such rocks are Tikely to be 1 regions of cloudy 
although not necessarily heavil ly, sil silt- laden Streams. to 
j A The geologic mission of rain ‘and ‘other forms of precipitation, from the 
‘moment they strike the earth, is to wear the land surface down to the level — 
) a. "This is accomplished ‘mainly by weathering and corrasion, by 
- solution, and by water transportation. In some regions of the. United States 
aan material i is carried by streams: in solution than as silt. _ In other sections 3 
opposite is true. ‘By and large the silt load of the streams of the United 


‘States is several times as great as ‘the load carried in solution, but latter 


by no means an unimportant factor. Herein, 
The relative speed of weathering and of removal a 
weathered 1 material, depending on geology, topography, and climate, 


s a factor in the silt problem. — In some regions streams run clear because 
ge transportable m material i is available for water to move only extrao rdi- 
nary” storms: floods can muddy. the ‘waters. In other. regions ‘relatively 


a gentle rains are sufficient to place in motion aw wealth of weathered material ee awh 


awaiting only the means of transportation. 4 
Vegetation, an incident of. climate, is an important factor in the weather- 
ing of r rocks and in | the availability of weathered material for water transpor- _ 

ree tation. By y disruptive action of roots and chemical a action of organic solvents — 
_ vegetation aids. weathering and adds to the volume of material suitable for 


transportation as silt and to the of streams, . By protection of 


4 


= 


activities are essential to human occupation of: the some of 
- may be modified so as to minimize their ‘effect on weathering and still retain 

wep their beneficial character. On the other hand, works of Man, such as build- 
ings, streets, and. paved roads, substantially prevent weathering Whereas his 

= river- regulating works and. ‘consumptive uses of water tend to decrease the : 
‘ ee power and quantity of water that may serve to transport silt and other rock | 

: débris. After all, Man’s activities, , although by no means a negligible factor 1 in 


the silt ‘problem, must be considered as incidental. Wisely guided, Man will 


baste 


to places it will be deleterious, 


= the ‘silt problem Man can be be but tal Don 


prevention “or ‘Rather obviously productive soil in a 
ing region should be ‘maintained in place for agricultural use so far as 


In this case pays, .regardless of bot 
: q 
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PP ee material from corrasion and thus tends to avoid the overloading of streams _ | ag 
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and to direct the deposition of trans- 
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prevention, This is. a practicable measure of silt. ‘Prevention that may 
bao 


Gor: 


OF 


made to retain in place the sur- 
it is not so clear that great effort shou 
face material of non-agricultural regions. Regulation of gr 
4 
be: 
— 
| — 
— 


Bs 


reasonably be arid. or non- agricultural region. To 

: ics be - practicable, however, it should be undertaken primarily i in the interests of | 
en the stock industry rather than for the purpose of limiting the silt load 
streams. Otherwise, >, costs: are likely 1 to exceed the values conserved. 

The Colorado River occupies one of the major stveam basins. in 
- United States. and has silt ; problems perhaps in greater degree | than any other 


am major stream of the country. Its problems of water supply, water utilization, 3 


ie 


use, and silt have interested writer for many years. Most of the 
a _ extensive surveys: of its stream channels, reservoir sites, and dam sites made d 


by the U. S. Geological Survey in the two “decades, 1915-1935, under 
his direction. The quality- -of- wiper surveys (determination of daily 


silt load and dissolved mineral load of the Colorado and of its more important - 
tributaries for a period continuous from 1929, which were made largely by 


Howard and S. K. Love. under the direction of W. D. Collins, of the 


Geological Survey) were instigated by him and he has studied their results” a 
with interest. _ These researches, basic t land and water Planning, although 


KS still inadequate to supply full information, , afford probably the best available 
ee, basis for the study of the silt problems of a large river in the United ‘States. 


= brief consideration of some of - their results will serve by example to throw 


light on some of the problems d discussed by Mr. Stevens. sx Fig. 10 is a map 


: ‘showing the subdivisions above the principal gauging stations of the Colo- _ 
os River Basin and T Table 13 shows ‘some e of the characteristics of these 4 


ac ABOVE Grand” “Canyon, Arizona. 


TIE 


oma 


eology, 
Woodland (juniper, pifion).. 17.0 J 
Area irrigated, in acres per square walla: (25.8 y 
-Human population per square mile ..| 8.8 1.9 | 0.6 1.4 21 
Rainfall, 1929-1934, in inches....... 14.05 7.26 |. 11.12 
“More than 10 in. (50.4 | 18.2 | 35.3 6 
3 40.6 41.6 60.7 49.7 d bi 
in 0.0 | 0.0\| 6:8 | 26:1 | 15:0 
Total. 100.0 100.0 100.0 4 
4.46 | 0.21 | 
| | 170 
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| .§ A= the basin of Green River above Green River, Cua 

& basin o of the Colorado River above Cisco, Utah. 

the basin of San Juan River above Goodridge, 

the basin of the Little Colorado, Paria, and other hati, 

Colorado River between Lee’s Ferry snd Grand 

Fs the basin of the Colorado River and tributaries 

pies _ Ferry, Ariz., and Green River, Cisco, and _ Goodridge, Utah 


baw including San Rafael, “Fremont, and Escalante Rivers. 


basin of the Colorado River from Grand Canyon, Ariz 
Green River, Cisco, and Goodridge, Utah. __ 
G= the basin of the Colorado: River above Grand 


In ‘Table 18, the information on area, surface geology, palatable 
2 run-off, and silt are from records of the Geological Survey; that ‘oul eli 
3 fall, from the records of the Weather Bureau; that on population, ‘stock popu 
phe 

lation, and area irrigated from the Bureau of the Census, and that on vege- 
4 table cover from the vegetation m map of the United States by H. L. Shantz, 
‘ of the Bureau of Plant Industry. The 5-yr period considered i is from October, 
4 1929, to Septem ber, 1934, inclusive. — - Acknowledgment | is made of assistance 
y by J. C. Miller, C. E. Nordeen, Assoc. M. Am. Soc. C. E., and Depue Falck, sca 
all of the Conservation Branch of the Geological Survey, i in the « compilation of ey 
_ Inspection of Table 18 shows ‘that, for othe: ‘period (which 
includes a year of high rainfall and run- -off, a year of low rainfall and run-off, | a) 
and, as a whole, is not far from an average 5- “yr period) about 11% of the oa 
_ water and 20% of the silt at Grand Canyon came from the basin above Green fe 
«River and Cisco, Utah, which comprises 46.2% of the entire area of the © Re 
basin above Grand Canyon (see Subdivisions A and B, Table 13) + and that as 

less than 8% of the water and more than 60% of the | silt came from 36% of 

the basin’s area , situated below Green River, Cisco, and Goodridge, Utah, © 
above Grand Canyon, Ariz. (see Subdivision F). Properly belonging 
this region of low 1 run- -off and heavy silt load is about one- half the area 

approximately that part of the San Juan Basin 

f above Goodridge t that is situated i in Arizona, New Mexico, and Utah. — Includ- 

‘ing this ps part of the San Juan Basin it is probable that what is « commonly ; 

known. as ‘the plateau region of the Colorado, comprising | an area of 60 00 000 
x to 65 000 sq miles, ‘contributes less than (10% of the + water and more than 


of the silt load recorded at the Grand gauging station. 


4 derived from this Plateau region of. the basin. Referring to Table 13, i 
that this is, ‘relatively, a ‘region of Triassic and Ji urassic ‘rocks— 
loosely cemented sandstones: and sandy friable shales—and these 1 rocks : 
must be attributed the 0 origin of most of the silt. aloo: 
4 - One- half the area has ‘an annual 
= 6 to 10 in. . per yr, 16% es + infall of less than 6 in.; and 
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Discussions 


avétage for the “yr ‘period is 9.72 in. The distribution of the 
; : rainfall i s of importance, and the ‘records show that, substantially, it all 
occurs in ‘one to six storms during the year. These. desert storms are tor- 


ential character, well adapted to. corrasion of the rather finely divided 
weathered ‘material that. abounds in the region. Wend edt 
e arid climate be attributed the excess of weathered material 
awaiting transportation and ‘to the: torrential character. of the storms, th ., . 
othe 
‘The lateau region has a cover of brush, grass, junipers, and pifion, _there 


_ being» little timber and ‘that. is confined | to the mountainous outer rim of 
ee: r is | light, being confined to brush interspersed 
with grass | “and weeds, occurring as single plants, and the stock and human 
population. is low w. Ins small ¢ areas there is a grassy vegetational aspect | but 
the main t the Tegion has the appearance of a desert with Vast expanses 
inst of bare rock and sand. Probably. 90% of 1 the surface of the region is devoid of 
vegetation. The irrigated area i is. small and confined almost entirely to. the 
_head-waters of streams. — It is. a land of stock. ranges that will. furnish year- 
al ‘round feed supply for less than 225 000 cattle, or the equivalent in other 
ap stock. — The sparseness of vegetation. permits the torrential 1 rains to do their 
with a minimum of hindrance, allt xd | 
What 1 measures of silt prevention can be undertaken to. ton such 
a region Artifical stimulation of vegetable growth on 60 000-sq miles of 


“surface now devoid of cover and moré than one- half. of which has rainfall 
of less than 10 in., a stupendous, and a hopeless, task. “Could it be accom: 


_ plished to an appreciable: degree there is no doubt that the results would be mar 
beneficial. There is lack: of fertility, no lack: ‘of seeds in the- ground. i of 1 

every soaking rain grass and weeds spring up in abundance, wither, 
and die. Moisture alone is needed, and moisture itis impracticable for ‘Man spr 

Already 96% of the scant precipitation is devoted to evaporation 
and transpiration. ' Only by decreasing the former can 1 much additional mois: of 
ture be conserved for beneficial use. Stimulation. or vegetable. cover. by 


lation or grazing operations ‘is worthy of consideration. Total exclusion of 
“stock from ‘the region for a time would “encourage stronger “toot 
=) heavier c crowns, and a full opportunity for natural reseeding. This would be 


beneficial, but how much of the 190 000 ¢ 000 tons. of ‘silt per yr contributed | 
the plateau region would it’ keep from the river andfor how long and 
ae at what cost? The principal cost would be the annual loss of forage valued at 


about 500 To “this be added administrative 


te silt could prevented from reaching Boulder Reservoir 
worth $150 t to $200: per yr to maintain an acre-foot of reservoir ‘capacity. ; 
Total exclusion of stock would be impossible because ‘of the human relations: 


iP involved. Over considerable parts of the area, in the Navajo Indian reserva- 
tions, , for example, stock raising is practically the entire source of livelihood 


for the people. # Nevertheless, the principl of reducing stock population is 
‘worthy ‘of consideration, and it is. y assured that, w _whete possible, 
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limitation of grazing to that compatible with maintenance of 
would prove ‘profitable to the local sto stock industry and to some slight ; 
lengthen the life of reservoirs on the streams below... Increased ‘vegetable 
growth, of course, would deplete the water supply. 3 
He ie Since the transporting power r of flowing w water is required to convey it to 
‘pe rennial streams, a second method of preventing silt, would be to. ie 
‘the water supply of the plateat region so. far as practicable for irrigation | 
other consumptive use within that Tegion. If the value of the water of 


“plateau region is $2 per acre- -ft for irrigation in the Lower Colorado Basin 
and 25 cents per acre-ft for the development of p power in the canyons, a total 


ri value of the order: of magnitude of $3 000 000 per yr is indicated. — Exclusion - ee 
d of this water from the main river, even without seamed use in the pricing 
n 


‘cents per ton of silt excluded with it—far less than the cost of main 


‘taining reservoir | capacity by operations at the side under any known method. 
a Foner capacity could thus | be maintained at at a cost of only $20 to $30 ote Bee. 

per acre-ft per er yr. It seems rather clear that the development of bene- ar 
ficial consumptive uses of water in the plateau region should be encouraged ei 


_ to the utmost for whatever « effects i in silt prevention may result. ea 
A third method of holding silt in the plateau re region would be the 
“construction of ‘detention reservoirs and spreading: works. _ There are many 
and some very large reservoir sites in the region. Eventually, many 
of them will be developed. _ They « could serve to o retard | the flow of silt to the 
“Colorado although its eventual movement could ‘not be thus prevented. 
The effective life of ‘such reservoirs would be rather short but the ost of an 

many could doubtless justified | by. their beneficial effects 
water and retardation of silt movement. Theoretically, at. least, sy in 
works have merit. If 1 in . of torrential 1 rainfall on 1 1 000 acres” could be 
spread to 0.01 in. 100 000 acres, ‘Serious silt movement could be 
vented. In the process, local vegetable grow wth > w would be encouraged a and flo w 


of water to the Colorado prevented. Doubtless there are favorable localities 


Summarizing, regulation of grazing, “development of beneficial 
| tive use of water, construction of reservoirs and spreading 


= region all seem to the writer to merit consideration 


at ‘the: ventures the opinion, based 


Imowledge of the physiography of the plateaus herein consider that no 

practicable means will be found for holding back pe ermanently from the Colo-— 

 rado ‘More than a minor percentage of ‘the: silt load derived from the sand- 


stoning: and shales of the region. It is his firm belief that after all | reason- 
a now unknown | cure for 
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commensurate with the costs be reasonably well assured, full consideration 
being given to the limitations imposed by the value of storage capacity in 
: 
— 


as elsewhere, ‘the ‘relatively useless sands and clays of the uplands 1 may be 


that-give it rise will deplete seriously, within relatively few generations, and will 
es ita destroy the effectiveness, of the water supply systems of the arid South- 
It should be recognized, however, ‘the p rocesses of silt 


country are. the result of Nature’s 
former silt problems. _ In the course of geologic time, in the arid Southwest, 


expected to contribute their share to the building up of the necting of 
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HE SPRINGWELLS FILTRATION PLANT, 
By EUGENE A. HARDIN, M. Am. Soc. C. 


RDI “Am. Soc. C. E. (by letter). —The 


tude of the writer with very little excuse for a 


appears that: a summary of operating results 


Vv OF OPE RATING FLoor, SPRINGWELLS —* 4 


5 


, taken from ‘the Meow, April and May, 
M. Wallace, "Ghoeviataidens of Filtration, Department | of Water "Riley, 


_ Nore.—The paper by Eugene A. Hardin, M. Am. Soc. C. E., was published in Novem- 
er, 1934, Proceedings. Discussion on the paper has appeared in Proceedings, as follows: 
1935, by Messrs. F. H. Stephenson, and Robert Spurr Weston... asolies 


— 
— 
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— 
ad 
— 
| 
herefore, 
| 
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Mr. Stephenson’s s reference to the architectural treatment may w be appreci- bg 


ted from Fig. 19, a view of the plant ‘interior. Ch should be explained, how- 
ever, . that the architectural features were placed secondary to the functional 
design» features. The architect developed his design from a general layout 
et and plant skeleton already planned and given to him for architectural treat-— " 
"ment. ‘With “this handicap, architecturally, he succeeded -commendably 


the structures with a minimum of embellishment and with the use of plain, 


writer ‘agrees with Mr. Weston | that the Wheeler bottom is a very 
desirable type. of filter under- drain system. It was one of a number of types, 


for the Springwells Plant, but was not adopted on account fod its 4 P. 


sater cost than the: perforated pipe under- 
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Spring- Spring- 
_ Worke | wells | Wo wells 
Pan Plant | Plant | Park Plant Plant 


Mass Output: 
Water filter 


daily ST. 
lion gallons daily . 125.953 | 
Loss or use in plant, in million) 
gallons dail: 
of 


rate,.in million gallons 


Alum used,in ment per million 
gallons 
m weed, in grains per gallon 


62.8" 
Hs, in ‘per 


In raw water, in pounds er} 
million gallons 
In raw water, in part per : 


- obtaining a | very ‘pleasing a appearance from the straight lines and mass 0 a 


Tp 
— 
— 
— 
we d, in million gallons 


September, 1935 HARDIN ON SPRINGWELES PLANT, DETROIT, 1085 


Mancn, 1935 Aprit, 1935 Mar, 1935 


_ Works wells | Works | wells Works | wells 
Park Plant | Plant | Park Plant | Plant | Park Plant | Plant 4 ; 


Plate Counts: POY 
2 applied water 
filtered ed water 
— 37°C, raw water.... 
37°C, filtered water 
37°C, tap water 
: Confirmed B coli Out of 900 
Tubes: 
10 cu cm raw water 
10 cucm applied water 
gig 10 cu em filtered water 
Ng 10 cu cm tap water 


Turbidity, in Parts: per M Million: 
Applied water 15] 15 22] 10 13. 
‘Filtered water 0.16 0.77 |0.04 0. 073 0.03 
water 261 422 | 159 228 | 333 418 | 
‘Applied water 222 122 187 


A pplied water......... wae 


Filtered water 
water 


in in Paste Million: 
he COs, raw water. 
COs, tap water 
raw water. 


— 
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72 | 814 20 i— 
— 
0.08 | 0.03 | 0.06 | 0.04 
| O19 | O10 O19) 
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ANA YSIS OF MULTIPLE ARCHES 


<r A Assoc. 00. 0. E. (by letter).*"—A simplified metho 
of computing stresses in a system of ' multiple- -arch spans on n elastic piers has 

een developed in this paper. The table of moments and thrusts in Fig. 11 


a useful ¢ guide in the practical application of the method. 


“This is true in reference to a series variable of 
. The advantage i is twofold: First, the error i in computing distribution 

factors for moments and thrusts 1 may be traced easily because the effect. of 

one additional span on distribution factors is more evident than in the « case 


a series of spans in which the structure is divided into or more 


‘distribution factors i in far s spans ‘may be ‘omitted because they a are ne egligible. 
rces a joint 
balanced after, it through a an angle, a, eared horizontally for a 
distance, A, vertically for a distance, 8. The angle of ‘rotation, | and the 
horizontal and vertical displacements of the join be determined from 


the equations of equilibrium of the joint: 3 H, 


corresponding to a sition displacement of a joint ; ; v, = vertical force fac- 


rae NOTE _—The paper by Alexander Hrennikoff, Esq., was published in December, 1934, 

roceedings. Discussion on the MN has appeared in Proceedings, as follows: May, 
1935, by Messrs. L. B. Grinter, N Newmark, T. Y. Lin, A. H. Finlay, and A. W. Fischer. 
3 Assoc. Bridge Designing Engr., Bridge Dept ‘Div. of State Highways. Public Works, 


y July 18, 1935. 


Mr. Hrennikoff assumed that joints i in a system of multiple- -arch spans do 
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‘reference to a horizontal displacement; Vs = vertical force factor with refer. 


a vertical displacement; and vz = - the sum of the > fixed- end vertical | 


forces at a joint from the given ‘Yoading. 
Mr. _Hrennikof’s method, ‘may be extended 80 that stresses can be com- 


"tan 
: ‘puted i in a “system of multiple- arch spans on elastic piers with flexible tie-rod 


Fic. 19 SPAN on Euastic Pmas w 1TH 


in arches, such as that in Fig. 19. Equations for 


tie- “rods may be written according to “Maxwells theorem: 


of the span); ‘hel in of spans at the tie-rods of the 
3 ystem (Fig. with tie rods: removed and loaded with tl the Gren lending); 
Aus = "changes i in span lengths at. the tie- rods when the system of arch 


pans is sustaining 1 unit force, X, 1, acting along the axis of the tie-rod 
i As = changes: in n span lengths at tie- ‘rods when 


pak 


the 
=1 the of the tie- in the third s span; 
changes in the lengths of tie- rods corresponding to a unit load acting along 


3; As — ; an — ,in Ls, an 
of tie- rods; A;, an ar 
modulus of elasticity in in st 
n a system of mul 
ties (Fig. 19), sustaining e 


EREMIN ON ANALYSIS OF MULTIPLE ARCHES _ 
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(An + As) + Xe + = Maes (89) 
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_digplacementa, at tie- rods (Fig. 19) may either graphi- 


lly, or analytically. _ By solving simultaneously, Equations (39) to (41), 


stresses in the tie- 2-rods (Fig. 19), Zz. Xs and Xz, : are determined. Equations: 


similar to Equations (2 (39) for a system with, 
Computation the stresses, ina multiple- “span arch on elastic piers” has 


been “generally recognized as an involved problem, and in simplifying it the 


author deserves the highest credit. 


is 
sd 
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ANALYSIS | OF THICK ARCH 


M Neuwov,’ M. Am. Soc. C. E. (by letter).’ development 

of the method by which the effect of abutment deformations on stresses i in 


a circular arch ring can be estimated, is offered in this paper. | _ The sathor 
has plotted curves for E, = Eco; mr = ; and — = 12, so ‘tha 


the Tesses, can be determined directly as a function ‘of. and the central 


angle, The method considers the deformation of the e neutral fiber of 
the arch ring decreased by the ‘effect. of Poisson’s ratio and by the introduc- 
tion fa finite thickness of the arch. Furthermore, it is based « on 


assur ption that plane sections remain plane after deformation, It ignores 
possible interference from adjacent arch rings. As is known, the method 


is conventional , being derived from the use of thin railread arches, in which © 
“the. ratio of cross-s -sections to the length of the axial are small, 
advantage is in the: workable form of the equations. On ‘the. other he 

attempt to introduce of the finite thickness and of Poisson’s 


When an structure under consideration, 
on the general equations of the theory of elasticity should be used esters 
ia For instance, applying | uch a method as that developed by Cc." . 
M. Am. Soe to an arch ring with — = 0.845 and 2 
Nore. The paper by Philip Cravitz, Jun. Am. Soc. C. E.,"was published in January, 
1935, Proceedings. This discussion is printed in Proceedings in order that views 
in) expressed may be brought before all members for further discussion. — 


Senior Engr. of Hydr. Structure Design, State Dept. of Public Works, 


Received by the Secretary July 2. 1935. “Sid: th ab 


_* “Stresses in Thick Arches of Dams”, by B. _F. Jakobsen, Transactions, Am. Soc. 


‘the Stresses in Arch Dams”, Comstock, 1981, ‘pub. by the author. 4 
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finds the results indicated i n Table | 


THE or ‘Exasticiry 


STRESSES, IN Pounps | PER 


Crown 


0 OF DiveraEnce 


‘Gas ‘(waties trados | trados | trados | trados | trados | trados — 
a) — —= 0. 345; and, 2 ¢: = 60 DecrEEs 


0 
15.46 | —60 


urved beam —18.1| —6.1 | —89.2 
fadalt is to be noted that when the elastic properties af: the ‘material | of ‘the 


pag are considered there | is a notable increase of tensile stresses in arches 

with Tange ratios of - and ‘small central angles. In the development of the 
it was assumed that the between the ‘adjacent 


remains a and ‘tat no stresses r within this 


Citenlar’ arch ring of loaded with the radial 
main, or ‘statically determinate, ‘system is shown in Fi ig. ry. T(a). 
For this system the moments, thrusts, and shear are known, as’ follows: | 


‘De Te Py 


De Tee; per Te} and = Furthermore, in accordance with 


indicates that ‘the funicular of loads and the 


f ‘the arch. is supported rigid cantilever to the ‘elastic 


unknown redundant forces, and are thus introduce A 


“Strength of Materials”, by S.. Pt. 582, 1981 Réition. 


ring with — = UUZ and 29g, — 
fi — Ff, Ladle Will give the Comparative (TE) 
¢ 
— —1:10 | 1180 | 5.88 
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the of elastic work and: considering only 


the 


Smt is the unit | tangential ‘stress due to bending moment is 
the unit tangential stress due to thrust; Sy is the ‘unit due 
to ‘The uni and, is the corresponding total deformation. 
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— 

— 
| 
5. his stress and deformation distribution 1s 

ments, but to 
by the influence of the deformation of abut 
ial stress 

= 


and the uniform deformat i due. is 8 stress is expressed by the equation: 


ress due to ‘the bending moment 

e, X, will be: 

Te 


the total deformation: due to this stress is 


7(b), the t total stresses: in a section are: 


Tt is noted that a as with o= 


along the X-axis will be in accordance with Fig. 7c) and Fig. 7d): tae 


- 2Aysin — 2y Tn — cos 
S ity ssh, 
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— 
— “the 
CR 
The unit t produced by the 
— 
In accordance with Fi 
| 0. and V = 0, the force Y = 0 loes 
— 
— 
— = + Am = 2 Ay cos dy 


The « coefiicients, o, in Equations’ (52) and (58) are: m 
8 = 1+ 7; and oy = 2.88. Tn deriving these « coefficients all the pores 


less than 1% of the divergence « of the stress were omitted. 


With the sign convention adopted ‘the normal and tangential displac 
ments and rotation of the abutment will be: 


= 


4 


¢ will be assumed in future operations. 


After ‘substitution of Equations (50) and (53) into (51) and 


(52) and subsequent integration, the following expressions are obteined for 


NELIDOV ON ANALYSIS OF THICK ARCH DAMS 
xis, Ay is unimp scause Y = 0. The rotation of 
it __the rigid bracket will be: 
4 
ii: 
3 
in which Mig = pe Te X Tn cos — —j)+Z. Due to the small 
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ty 


‘After substituting these expressions into 


ns (88), Equations (18) to (25) of the paper are obtained, 


4 


nation of arises. Table 4 shows a ers, of stresses, in 
TABLE 4.—ComPanison oF Stresses Ad 


(Tension is ‘Positive 


Sreesses 
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d per square inch, for pe 1 lb and for arch rings varying from a 


very thin arch, with : a very large central angle, to a very thick | arch wi 


 @ very small central angle. 5 Table 4 also gives the percentage of divergence 


of _‘Stresses from. those computed by a conventional method ; is, 


all — ; with ‘me = 00; ‘and with rigid abutments. tom of 


unit stresses 4 were computed by the combined expressions, 


(48) and (48). The bending s stress due to water pressure 


ach, with (0.15, and 07 Th per in. n. for the eh: 


question the relative. importance of Poisson’s ratio and of 
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‘considered. 


“af 
with an “average central angle divergence of stresses i about 


10%, a nd only the deformation of abutments “causes a greater: = aon 
For a “thick ‘arch ring with small central ‘angle, “the ‘divergence due to 


Poisson’s ratio is about. 20%, whereas. that due to the deformation of abut- 
ments is increased many times this amount. The divergence of ‘shearing 


ot of the extr ely although actually this 
patio will, never be greater was originally applied by Fredrik 


Vogt, Assoc. M. Am. . Soc. C. E., » for the case of an abutment a: constant | 
thickness, and with the forces, M, 74 and uniformly distributed along 


the height, h. In the case ‘of an: arch dam ‘this condition is not ‘fulfilled; 


both the thickness, ¢ the acting forces. val ary along the height, hy pro- 


a ducing a warped surface of an - original abutment plane (which is ordinarily 


a warped surface from the start, due to the requirements of the excavation). nN 
The problem becomes complex and a practical issue for its solution must 


es 
found, the arch rings of a unit height, as well as the areas near 


independent element. The and continuity ‘ed the founda- 
tion makes the ‘deformation spread to ‘the neighboring units” over a certain 


A 


distance. From a list of seventy- -four arch dams in California the 1 writer 


atio, at the from 0.046 to 1.000. 


«  Aeverage 0. 200) and at th the base from 0.009 to 1 1.000 ‘(average 0.042). If the 
mS entire height of the dam was assumed ; as h, the same ratios would ee 
oe the a between 2 and 45 teen 16); and, at the base, between 1.4 and d 19 


the deformation coefficients, and | with—, | 
‘the selection of will be on the side of 


about equal to 1. ‘The Which the entire height of ‘the is 
er)."*_The title of thie practical Paper the 


HY 
remarks. made rather misleading, because the plotting 
of curves is not an analysis or graphical solution of a problem. — The author 


itilizes a known eer by arranging its results in the form of oo for 
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use in From this point of view, of course, the paper is a 
addition to the literature on the subject. 


‘The ‘usefulness of graphs would if were ma 


with fixed abutments, pape paper, have a common draw- 
back. They cannot t be utilized in countries in which the metric system. 


i units is used. —Tti is s possible, however, to ar arrange the diagrams in such a way, 


to make (head of this restriction. j Kelen, i in his well- known 


4 


a brief outline demonstration = how plotted 


wee 


ays _ ‘The author is to be congratulated for his painstaking efforts to facilitate 


9 


tot 


7 


— 
— 
— 
| 
| ‘used independently of the system of units” 
p ould be appreciated if the author could include in his closing discus-_ Be —_— 
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DISCUSSIONS 


THE HYDRAULIC JUMP IN ‘TERMS: OP: 


he 


Ww h which recently. had contact, involved a study similar i 


general to that presented by the authors, but resulted pe values for length 
of jump sufficiently different to be of interest. _ This problem m is ¢ one of several © 7 
which have been and are under study, by the Corps ¢ of Engineers, War Depart- bell 


ment, at the Hydraulic Laboratory, University of | Iowa, Iowa City, Towa, i in +4 


connection with construction activities in Bacal — ‘Mississippi River 


bs 


ss simplified model shown in Fig. 11 was constructed and tested through a range 


Norg.—The paper by Boris A. Bakhmeteff, M. Am. Soc. C. B., and Arthur 


. C. E., was published in February, 1935, Discussion 
on a er has appeared in Proceedings, as follows: March, 1935, by “ater Rouse, yee 
May, 193 Pt Messrs. Sherman W 
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‘Instead of the designed sill. and stilling- -basin, a a smooth, 


was installed, as 3 shown i in Fig. 11. ‘Water was supplied to the model through 
10-in. - line from constant- head tank two floors above ‘the flume, 


by ‘means of a. rectangular, weir. Depths up stream from 
s _ model gate and down stream from the hydraulic jump were ‘measured by 
hook- ~gauges in stilling cans connected to the piezometers indicated 
Fig. Depths ‘below the Tainter gate, up stream from the hydraulic 
jump, were ‘measured with a vernier point gauge. Tos 
Table 8 ec contains ‘only those data taken in tests: on this model which 


are pertinent ‘this discussion. ‘The lengths” of jump tabulated were 


measured directly in the model, taking the distance from the beginning of 

he > ah 

jump, which was always ‘sharply defined, to the point of highest rise 


a down stream from the jump as observed through the glass sides of the flume. 


~The accuracy of measurements has been indicated in in the will 


be noted that the values, by in Table 3 are not computed from a, but were were 
as. equal to do, the height of pond- -water surface above the temporary 


floor of the flume. was: considered accurate than computing 


the. ‘magnified effect « of slight inaccuracies” ini ‘measuring dd 
lo should ld have been « corrected for velocity « of 


in Table 3. The model tieth the size of the — 
conditions indicated i , built one-twen 
Es of conditl h supporting pier, 
ate an | 
0.606 
483 10.606 
84) 1.00 
B80 | 1.502 
20 
785 | 2-006 | 
835 | 2.520 
$01 | 2.525 — 
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was s made, ‘de one tending to offset the other and pa being emall. 8 


laterally as well 2 as as vertically, measured values of d’, could not be 
to follow the curve for a straight- ‘sided channel | given in Fig. 3. Be _ However, a 
with the widths at Section 1 and Section 2 known, the lateral” expan 

could be taken into account in theoretical ‘equations for height of jump. 
This was done for the model and resulted i in the curve marked “dy . computed 


jump, measured values fall very to curve. was the 
case in the authors’ s tests, the range in which the departure of measured from = 
computed values occurs was. one of unstable flow. In some tests a standing 
ave ‘condition alternated with a hydraulic jump, the alternations following 
pproximately equal period for a given model setting 
hoe Lengths of jump measured in the model have been | expressed as ratios of 2 
the. depths down ‘stream from the jump, and are plotted in Fig. The 
authors’ curve expressing ‘the relation of this 1 to has been transferred 
Fig. 6 to Fig. 12 order to compare directly t the results obtained 
in the model with those obtained by the authors. - It will be noted that, 7 
although the two curves assume a a uniform slope at about if = 14, the authors’ - 
curve is below the curve drawn through ‘model test points and s slopes down- 


ward as ), increases, whereas the model curve in this range wa as drawn with» 


nero ‘slope at ‘a value of 4 = 5. 5.60. It is s thought ‘that t the jump may 
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ON THE _HYDRAULIO some 


value, d, makes the curves of Fig. 12 awkward to - ee the known 


values: from which dimensions for toe protection must be | derived, are the 
quantity passing a dam site, the ‘upper pool w water- surface elevation, an 

the tail-water elevation corresponding to the quantity. - When u: using the curves 

of Fig. 12, it is necessary first, to assume a value for d;; from that, compute — Se 
an elevation for the stilling- basin floor ; and, then, compute by means of ds, an . 
4 elevation of tail-water surface, ‘repeating the ‘process until ‘the computed 
_ and the given tail- water elevations s agree. In tl this procedure, successive values" 


are ne not directly indicated by. computed values of tail-water elevations... 


curve a means of computing stilling- 
basin floor elevations i is that, shown. in ‘Fig. 3. sad 3 curve. called 


‘ Straight: -Sided Channel 


«ee 


0 


this case only the quantity per ‘unit length of basin, which 
is readily determined from known river quantity and length | of spillway, é 

the energy head up stream . from the hydraulic jump, which r may be taken as 
il to the height of the pond-water surface above the ‘stilling-basin floor. 
In using this curve, a stilling-basin elevation i is assumed to provide data’ from 
which a basin elevation is computed, this process ‘being continued until both 


elevations agree, Although trial and error methods must be used with this — 

eurve as with that of Fig. 12, ‘computed and assumed values directly 

‘related and converge rapidly. | basis for the abscissa ‘of Fig. 18 is the 


&“Taboratory Tests on Hydraulic Models the ‘Hastings. Dan,’ 
Nelson, Bulletin 2, Univ. of Iowa Studies in ‘Eng Pia tae 
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Discussions 


The « curve presented i in \ Fig. 18 is open to criticism i in two respects; First, 


ionless. ‘Fig. 18 should not be 


_ If theoretical curves are used, and they a liga 
sufficiently accurate for design purposes, either Fig. 12 or Fig. B 


bef is made to District Engineer, U. . Engineer Office, 
The 


ANDREI Ivancuenxo,“ M. Am. Soo. C. E. (by letter). the results 


be 
reported in this par paper fully confirm | the usefulness of the general methods of 
analysis applied. The authors s have presented the first comprehensive explana- — ; 


bai 


of tt hydraulic jump, a phenomenon which w was once considered 


ships between various elements of. the jump, particularly 1 the longitudinal 
characteristics illustrated in Figs. 6 and 9. The writer is particularly inter- 


t curve of Plottad against in Fig. 9. This. curve. ‘was con- 

‘the authors as the basis of their solution of t e longitudinal | 

pose of the jump. The writer proposes 1 the following exrressions s for the 5 


equation ‘of this curve, obtained by the customary method : 


‘Equation (52) is quite sit simple, being derived from n experiment; 
assuming that it is based on methods of approach that are physically. correct, 
it’ is more justified than any other known formula for the length of the jump. ee 
“length of the jump is doubtless: the function of the height — 
—h), aad the, tate of flow, which is ‘represented by 


8 Cy. Engr.; Assoc. Prof., Hydraulics and Water Power Eng., Industrial Inst., 
cherkassk, Union of Socialistie Soviet Republics. EER 
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yer, 1985 MAVIS AND LUKSCH ON THE HYDRAULIC JUMP 
writer has. checked the values of the ratio, — , by 


(50) for all values of taken from Table 1. The results are given in Table 4. ar 


FI 


7 
% ‘TABLE Computations or THE Ratio, totont wo 
flow xperi- un| flow yy Experi- | 
factor, From the No. | factor, ment: | 
wm] | ©» | © | wm] © 
4 27 | 3.76 | 7.47 | 8.77 | 8.207 | 8.23 36 | 16.79 | 6.21 | 6.63} 6.290 
3.94 | 7.55| 8.79 | 8.225 | 8.12 | 18| 20.80| 5.83 | 6.32 | 6.046 
40] 4.51 | 7:06 | 8.32] 8.022 | 7.87 | 6| 24.80] 5.40] 5.90] 5.852 
4.52 | 7-67] 8.91] 8.019 | 7-80 | 29.66 | 5.43 | 5.99] 5.662 
| 6.85 | 6.51 | 7.65 | 7.773 7.65 | 39] 30.53 | 5.32 | 5.67] 5.630. 
5.47 | 6.62] 7.55 | 7.740 | 7.55 | 35] 44.81 | 5.11] 5.53 | 5.246 
41] 6.63 | 7-13] 7.79] 7.470 | 7.35 | 37 53.89 | 4.98 | 5.42 | 5.188 
6.72 | 7.06 | 7.83 | 7.452 | 7.30 | 32] 62.25 | 4.67 | 5.14] 4.940 
8.55 | 6.63] 7.10] 7.127 | 7.13 | 34] 68.70 | 4.81 | 5.06 | 4.847 
9.90 | 6.63 | 7.03 | 6.936 | 33 74.56 | 4.65 | 5.17 | 4.774 
29 | 11:87 | 6.73 | 7.13 6.710 | 6.70 | 38] 78.69 | 4.24] 5.10] 4.727 
The writer is fully aware that the data in Column (6), Table 4, indicate 
certain discrepancies. "However, obviously, as the authors state, the 
oa the curves was carried out so “that they must pass within the plotted 
Jy _ ‘ranges, indicating the possible range of the L-values.” For all ‘the curves 0 
! = 6 the range of L-values from Runs Nos. 25 and AS; as well as for Ru 
3 é No. 28, lies below the curves. This may indicate some degree of unreliability : 
in the experimental data for these runs, because the proposed 
= | Equation (50), agrees very well with experimental data in all other cases 

| T. M. Am. Soc. C. E., and Anpreas Luxsou,” Esq. 

3 ee le etter). “*__The authors’ observations of the length of ‘the hydraulic j jump in 
narrow: channel are a welcome ‘addition to literature of hydraulic” 
re esearch. The transfer of data from the moda tests to the ] prototype should 


pase with | caution, however, in the light of the authors’ statement (follow- 
i ing Equation t at ‘ in ana yzing open- ow cases * ee. the principle — 

Equation (15)) that “i ly: a-fl 
z [of similitude] i in general may be applied to geometrically similar cases only.” in 
i ‘a Referring to. Equations (16) and (17) presenting the theory of the hydrau- = 
| ie jump the authors state that these equations “apply equally to a jump at 
Y; the foot of the Boulder Dam and a small- scale model in a laboratory flume.” a 


a It should not be overlooked, however, , that in the derivation of these « equa- 


the effects of channel friction are wholly negleeted. It is not unreason-— 


+ ® Assoc, Director in Charge of Laboratory, Iowa Inst. of Hydr. Research, and Act- 
ie ing Head of Dept. of Mechanics and a The State Univ. of Towa, ‘Towa Na 
Research Asst. Engr., Iowa “Inst. of Hydr. Research, State. Univ. of. I 
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of the sila uld be little affected hae boundary frigtion, 
and | that a -well- defined relation should exist between . depths of flow at alter- | 
nate stages. The location at which the jump occurs in a level channel of 
rectangular cross-section can be changed, however, by seemingly ‘insignificant 
changes i in resistance to flow. For a given depth of flow and a given kinetic. 
flow ¢ factor it s seems reasonable that the length of jump in a narrow channel 
would be less 1 than i ina channel relatively much wider, even if the side walls 
of both channels were made of glass. - Due to the effects of the side walls the 
length | of the hydraulic jump in a narrow channel may be relatively less 
than in a wide channel. | Further tests are needed to show what effect the 
relative width of a . channel may have upon the length of the hydraulic jump 
e Miami Conservaney I 


The length of the jump is five its height. While the 
beginning of the jump is fairly definite, its lower end is indefinite, and this 

_ figure represents merely a general estimate. ~The lower end was taken as the 
on - place where the water surface became and remained sensibly level, a Place . | 


4 In “1997, ‘Safranez* studied the hydraulic jump experimentally at the 
‘Technische Hochschule in Berlin, Germany. The tests were conducted ina 


Lengths of jump were reported® for eighteen 
which the ‘Kinetic flow varied from 3 to 


An of data” fo 


eported by in Table 1), 


agreement h 


bist For kinetic flow factors” greater baal 80 the length of the jump 
5 times: its a ranging from 4. Ot to 5. 1 for r nine tests, with | a mean abs 
al 


John C. Beebe, Techni Re , Sec vee ; 
(1917). 
ersuchung. en ueber den 

88 (1929 
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— 
= 
ae ee lengths of jump from 1.0 to 3.3 ft, and heights ae 
7 Safranez proposed a tentative formula for the length of the jump which, using — sd 
showed that the simple formula: 
ae ca: was in e observations than Equation (53). The 
ranged from 4.4 to 5.5 and the mean 
— 
— 


‘resistance offered the side walls” and whether die’ might not b 
vubstantially constant for a wide channel Gevitosqest adt wolod bus 
a part of a a general study of stilling pools below tests “were 


made at the Iowa Institute of Hydraulic Research to determine the geometri- 


CO ct Fh 


a ‘properties of the hydraulic jump. The tests were conducted in a rec- 


~ tangular flume, 26 in. wide, lined with galvanized sheet metal. Ww ater flowed 
under a sluice- gate with a rounded Jo lower lip upon a. level apron of steel plate ft 
and smooth cement mortar. — The rates of flow varied from 0.48 to 1.44 cu ft | _ 
per sec per ft width of channel, the depths of flow above the jump, from 0. 05 


to ( 0. 15 | ft, and the heights of jump, from 0. 22 to 0. 3 ft. In these tests ‘the Brat 


| 


pa 


Lr 


= 
2 


howe an sitio of jump and as abscissas, 


cinetic flow factor. Fig. 14(b) shows as ordinates the ratio of length of r ‘sller 
to height of jump. = An analysis of the tests conducted i in al flume, 26 in. wid 


indicated that the length of j jump was approximately equal to 6. 2 


J. Aravin® has presented a a semi-rational analysis for ‘determining the 
ie length of the hydraulic | jump in which he followed the suggestion | of Professor 
be M. A. . Velikanov ‘ “to divide the stream, when computing the losses, into two 4 


regions: dead 1 zones, , where only ‘rotatory motion 0 of f the Jigu 


obtained from tests by Bakhmeteff, ‘Pietrkowski, Safranez, Einwachter, a at 


avin. The results| obtained | by the simplified formula suggested by Ar: 


© “The Determination of the Length of the Hydraulic Jump,” by V. J. 
Transactions, Scientific Research Inst. of Hydrotechnics, we 16, Pp. 48-57 
(Translated from the by Luksch.) 
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reduction ‘the rg higher values of }, may not be due 
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jength 
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__Fic. 14——Summary of OsservaTions, Lenora or Hypraviic Juye 
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id is taking place, 
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Aravin, 
(1985), 


5; = & ; == dd = = = depts 
and below the > Jump, respectively. 
These data have been re- -arranged for 


show in Fig. 14(b). aE ‘Within the range of kinetic flow factors ‘eluded in ‘the 


authors! tests the ratio, follows from Aravin’s analysis may | e | 


f approximately 
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replaced by a constant value, 0.4, wit 
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"STABILIZING CONSTRUCTED MASONRY D 


va 


CuartEs W. Comstock,’ M. Am. Soo. C. E. (by letter).“"— The unusual and 


most unprecedented character of the work described, together with the a 
and ‘interesting aecount of methods, diff difficulties, and 


to, and undoubtedly did 


sit Masonry dams: exceeding 100. ft in height, rare mile were 
undertaken by the Public Works Department prior to 1870 and pushed to 


completion within a tow were >the early years of the ‘theory 


materialized from it except “the rule of the middle third. Daring the 


‘ensuing third of a century many dams between 100 and 200 ft in height, each 
omprising more than 500 000 cu yd of masonry, ‘were designed on this prin 


ciple and constructed in various parts of the country. Because the dams 


were long the sections were made : as small as s possible, and » ‘it was ‘considered 


to materials, they were those which the country The 


work would not have been possible 0 therwise. | Portland cement, ¢ of course, 
was known, but it was manufactured in but few localities, v was ‘costly, and 1 was” 


ares understood. Concrete was practically unheard of. _ The origin of surkhi 


‘Nore. —The paper by D. W. Cole, M. Am. Soc. C. E., was in February, 1935, 
Discussion on paper has in Proceedings, as follows : August, 
1985, by Messrs. Oren | Reed, ane. we 
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mortar is shrouded in the mysteries of the past, but its preparation and use 
are common mowledge among the Indian masons. It has unquestionable 
rties, and tests have shown compressive strengths 68 tons 


per eq in. Such material cannot be summarily dismissed from 
‘The Indian people are essentially a agriculturists. U ‘They are not mechanically. 

lad AYAT AS 
-minde . Elaborate and complicated ‘machinery does not enter into their 
scheme of things, although their | skill and patience in many handicrafts are 
"revelations to the Westerner. Time ‘is not important to them. 


think in terms of the individual’s span. of life. 


In these circumstances it is not surprising that the administrators 


Indian public works designed and built as they did—with a rudimentary 


native ‘materials, a minimum of mechanical e ‘equipment, and a maxi- 


use of manual | labor of the kinds to which the people were accustomed. 
- After half a century without a major failure, notwithstanding the construc- 
‘a tion of a great / number of large and important works, they were justified in 


considering their practice sound, and it is ‘not strange that they Were slow ‘ 
to adopt the later developments in materials and methods. . 


With this background the engineer who designed the Walwhan and 
Shirawta Dams, and who had | spent most of his long professional life i in India, 


naturally preferred to follow a tried and proven road rather ‘than to 
might be only a will-o o-the- “wisp. big oF. 4 


2: 


to The  Shirawta Dam contains about 650 000 cu yd of masonry. To ‘construct 


such a. volume, almost entirely of one-man stone, by hand labor within a few 4 
working seasons required an army of and women. These literally 


swarmed all-o over the work. In fact, seen from an elevation and from. a little 
‘ - distance the activity resembles nothing so much as a gigantic swarm of bees. 
=a The labor turnover is enormous, for these people v will work on outside employ- : 


only during ‘such times as ‘their personal agricultural operations do not 


Herein Ties the weakness of the system. Really good masonry ‘can be 


| has been executed by this somewhat primitive ‘procedure, but with hun- 
of masons distributed ‘over a large area and ‘served. by thousands: of 


coolies. who bring the stone and “mortar, adequate supervision and inspection 


batch of ground ‘mortar, a few stones es which are re or 
ee the ‘result i isa weak ‘spot, a a discontinuity, to. and through which water under 


pressure may find its way. Time ‘and the never- ending erosion by ronning 


but it certain that would bedothe so if the 
“should be to continue. 


sq ft at 12 months, and 79 ons at 18 months; respectively, 1 060 and § 


¢ 


x 


— 
— 
ibe 
ar 
— 
— 
— 
— m 
— 
— #8 th 
— 
— 
J 

— 
tr 
— 
— 
— 

— 
— 4 
— 
LE 
iF 
| 
n 

—- 

— 
— (| 

— 
_———- j regarded as symptomatic of a condition which should not be allowed to per- § ee ; 
ee gist. The loss of water was unimportant, at least in any quantity which _ - 
— 


| 


PP 


gesture, for no power on earth could ‘those reservoirs filing. 
The w waste-gates, designed only for ‘use in the early stages: of construction, 


fans, would‘ shut down ‘about 80 ‘cotton mills 


and deprive the railroads entering Bombay of ‘power. In short, it would 
_ mean ruin and | pestilence | to a ‘million and a half people. The Indian Govern x 
ment does not take a fiendish delight ‘in destroying private capital, but even 


= if it were indifferent to such destruction it could not face this possibility. On 
ve the other hand, failures of the dams would mean frightful havoc to ae 

tural regions below, and almost certainly much loss of life. 


“on 
Oe arly, the damage already s uffered must be ‘repaired and ‘the: structures . 
ve must be rendered permanently immune to future deterioration, without inter- 
fering with the use of the reservoirs. plan adopted after thorough investi- 


gation and careful study was endorsed by some of the most experienced engi- 


neers in 1 India and received Government approval. The engineers for. the con- 
tractor, Frangois Cementation Company, Ltd., believed, in. the. light of their 
experience, that it promised success. They had not previously undertaken. 
precisely similar job, but no ‘major engineering problem js an exact duplicate 


1m of any other. I It t was believed that, cavities existing in 


in the. masonry, whether 
resulting from ‘carelessness during construction or from subsequent washing 


out of mortar, could be filled with good. cement grout, and that the old surkhi = 


5 ae ‘mortar i in the neighborhood of these cavities might to some extent be impreg- Se 


nated with cement. It is the « execution. of this plan which has been so well 


‘been objected by some persons that degree of betterment, is 


ori in part. No visual evidence, it is true, but the volume of cement retained 


jin the structures (in the ¢ case of f Shirawta 0.6% of the total volume of the 
‘masonry) is very convincing, especially as the pressures. employed were  suffi- 
cient to force the ‘grout through minute openings. Iti is not claimed, of course, 
oe that the dams are of as high quality as though they had been originally laid 
es up in cement mortar under ' close inspection, br but they are certainly as good ‘as 
(probably even. “better. than) of those built. with surkhi mortar in the 
mae manner r prevailing in 1 India, and many of which have se served for more. than 
fifty years without manifesting any sign of ‘distress. 
aif It has been said that this. work was almost unprecedented... The grouting 


of rock formations underlying dams prior to construction is a well-established 


practice, as is also subsequent ‘grouting of parts of the structure t 


Grouting at the Camarasa Dam in Spain, completed’ in’ 1931, “was not a 
parallel case to the Indian « dams. At Camarasa the dam was danny 0 
and sound ; 


fault to be 
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1110 fal 

The Delta Barrage, in consiste of a series of piers, each 16 m long” 


_ by 2 m thick and about 14 m high. ‘These are spaced 7 m on centers, and 
7 rest on a continuous concrete mat 4 m thick. Construction was begun. about 
_ the middle of the Nineteenth Century. . ‘Asa a result of political interference the 


foundation work was not properly done, cracks and settlements appeared 
= almost immediately, ‘it was impossible to maintain the pool level which had 
a been intended—the dam. was a failure. . When Sir Colin Scott-Moncrieff q 
became head of the Public Works Department in Egypt took immediate 
steps to “remedy the ‘difficulties. The final stage of the repair was to 
drill: five vertical holes along the axis of each pier and to inject cement 
grout. No pressure was used except. that to static head; however, cement 


on 
Si injected at one pier frequently ‘appeared i in the holes in adjoining piers. 2m 


pier took as as 3 tons of cement; total of 1 000. tons» was “used in 
189 piers. This work was completed in 1898 or 1899; the ‘dem has given —- 


work which in some respects parallels the Indian dams is 
“barrage de POued | Fergoug” in Algeria. ‘This dam, 34 m high, also 30 was 


in the. early days of the middle-third construction com- 
pleted about the beginning of 1872. _ Like the Indian» dams, it was built of 


on rubble ‘native workmen using Time ‘mortar, perhaps feebly 


y hydraulic. From the beginning i it leaked profusely at many places, and lime 
deposits on the > down-stream face indicated serious destruction of the mortar. 


In December, 1881, a length of 125 m of the highest part. of the structure was 


carried away, x most of it clear ‘down to the foundation. Between 1881 and 
the gap was filled by a “new structure of slightly ¢ rreater section than» 
: the old, but built in the same manner and with the same kinds of materials 


“except that some hydraulic lime and some Portlar nd cement w. were used in places 


regarded especially critical. The dam to leak but in 1900 it 


an ‘unprecedented flood with indication of _weakness. 


November, 1927, there was another major failure, carrying away a part of 
the old and a» part of the later work, and resulting i in heavy loss of life and 
Property. For some time prior to the failure the authorities had been dis- 


+ 


 turbed over the persistent leakage and ‘the continual leaching of lime from 


the time 


condition of the masonry. Whether’ this method of reinforcement and 


gation would have been ‘effective if undertaken : a few years earlier can only 


“general aversion to the use of “Portla nd cement. This was 


the early days, when cement would have | had to be ‘imported from Europe 
would have been v very ‘costly. day, however, excellent Portland cement, 


_ ‘meeting all standard specifications, is manufactured at several places in India ais 


fe ‘winld'e can be purchased at the factory at prices of about 35 rupees per a 
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_ The late Robert Batson J oyner, who spent nearly a a life time “te va, 


“Indian engineers never use Portland cement the 

- masonry dams, whether of stone or of concrete, except perhaps in- wet, foun- ‘ 
_ dations; not merely on account of its high cost—though good cement is now 

_ being made in the country more cheaply—but also because it is considered 

inferior to good hydraulic-lime mortar for dams. Cement work is too rigid, pu 


_ whilst the hydraulic-lime mortar, being - somewhat elastic, withstands the es 
a variations of temperature without cracking. _ There is therefore not the some- © 
what alarming necessity of providing expansion joints. The range of tempera-— 


ture is greater in India than but occur 


ary. 


and with the gradual change in of the Public Works 2 


Department with the retirement of the seniors and the advent of. younger 


men, it is probable that Indian ; practice in dam construction will eventually 
r a come to conform quite closely with that in other parts of the world. | ‘Tradi- 


te tion is : strong in the East, and the inertia of 350 000 000 people is not t easily 


‘a One of the ‘most valuable features: of this payer is that it emphasizes oe 
dominant importance of execution, as compared with design, i in the construc 

tion of masonry dams. Volumes” of mathematical formulas and 

aie in many languages have come and gone, each purporting to ae 
th the word to stresses in dams; yet sections have changed little in 
x 4 seventy- -five ‘years. | On the other hand, » with few exceptions, all important dam 
failures have been traced to defective materials or faulty execution. A dam 
made safe, or otherwise, on the job—not in the office. 
author is entitled to great credit for his meastesly of a 
difficult job. He is further to be commended for the exhaustive > and inc incisive 
manner in which he has presented the subject in print. ‘There is nothing 
superfluous nothing has been omitted. __ Aspiring 

papers should be referred to this as a model. 


Tata Hydro-Blectrie Power- Works, Bombay,” by the late Robert 
Joyner, Minutes of Proceedings, Inst E., Vol. 55. 
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LOAD ACTION ON THIN | 


J UN. Am. Soo. C. E. (by letter).™ *“__That thin shells, 
properly supported, serve as very ‘economical structures, been known 


some time. Mr. Schorer, for the first time, has. introduced into. American 


_ engineering literature the theory of such shells which has 


been developed 


TF 


a aun the simplifications introduced - in this paper, the application of | 3 
Tequires considerable computation as, for example, when the struc- 


8 symmetrical. Such a condition occurs in the analysis of f the structure such 


the sector gate shown § in Fig. 9. 


- Norge.—The paper by Herman Schorer, Assoc. M. Am. Soc. C. E., was published in 
March, 1985, Proceedings. This discussion is printed in Proceedings in order that the 
views expressed may be brought before all members for Glecunsion. 

“With U. S. Reclamation Bureau, Colo. 

_ ™« Received by the Secretary July 15,1935, 
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When applied to a structure ‘of this type, shell theory tends’ to 
Be that large stresses may occur in the longitudinal supporting members, — ea 
P especially in the member at ¢= = 0. These large stresses are due to the fact = 
that the inevitable arch action developed i in the curved skin- -plate ¢: causes th 
_member to bend about Axis 1- , Fig. 10. F urthermore, stresses of the type, 
8, subject the longitudinal ‘supporting members to loads which are axially 
eccentric. In combination with the direct water | load, these may 
ach large values, especially in gates of of long spans. 
fer In outline, the method of attacking such a detackinne as that presented i in 
ii ig. 91 is is perfectly straightforward. ~The author has shown that the loads on a 


- structure are carried by a a primary system of ‘stresses, the membrane eystem, 
by a self-equilibrating system (secondary), the function of which is 


preserve geometrical continuity. The stresses of the secondary system are 
applied along a line ‘common to the shell ‘part of the structure and i its 

s 6=—s-: The stresses and deflections of the membrane system are obtained as if the 

- hell were a complete | surface of revolution by means of Equations (101) to 

_ (110). The stresses at ¢ = 0 and ¢ = bk (it is assumed now that inter- 

mediate e longitudinal members have been removed) are applied to the sup- 
porting: members as reactions, and the deflections and stresses in .these 

members are obtained in the usual manner. — In general, there will be 
differences: in these stresses and deflections, and it the purpose of the 

‘secondary system to annul such geometrical discrepancies. It is the « object: 

ao the author to derive | ‘the stresses and de deflections in the shell due to. this 
secondary system. When these stresses and deflections have been obtained 

: in the shell for the various conditions of loading (see Fig. 4), the correspond 

‘stresses and deflections are obtained for the supporting members. 
general, there” will be eight elastic equations for the ‘indeterminate 
_ quantities in the secondary system. — In a symmetrical structure under sym- 

metrical loading, such as that. treated by the author, these equations | reduce 


hae reduced the of unknowns: to six by assuming 


condition 


to (91) to (94) for loading 
- there would result three sets of four simultaneous equations each for the 
er of the constants, A, B, and D, namely: in Equation (92), 


Equation (93), T= = 
a all cases, M, (Equation (91), wo uld be different from zero. Wit 
Ss constants inden the method of procedure follows that of the euthor 


“Die Theorie der zylindrischen Schalengewédlbe, System Zeiss-Dywidag,” von “Dr. 
Ulrich Finsterwalder, International Assoc. for Bridge and | me. Zurich, 
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except t for a case of symmetrical and ‘the 


SILVERMAN on THIN SHELLS Set Disousdions 


@ = the unit stress. the loading is or ‘the edge members 
not: identical, six or eight elastic equations are necessary. The equation 
for w will be set up in general form using the ‘following definitions: w, = 
shell to membrane system at = 0; = deflection of 
shell” due to membrane system at d= ok; w. = of beam due to 


wi 


system at ¢ = 0; w’, = deflection of beam due to “membrane sys- 
a tem at > = $k; ws = deflection of shell due to secondary system at @=0;— 


= deflection of shell due to secondary system at = $x; = ‘deflection 
; oO of beam due to secondary system | at o= 0; and, w, = deflection of beam due 


| 
to secondary 5} system at e= bee . These deflections are broken up ‘so that a 
symmetrical and eontra- symmetrical | system of secondary stresses: ‘may 


ad 


+ w w (ws + w’s) —9 0. 9 (147) 


ing equations are obtained for v and o load’ ngs 

tend to cause large secondary stresses, and it is to be expected, in . the case 


of the sector bitte that these high moments and stresse 
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ot ELASTIC DETERMINATION OF 


sidiznog OF "at 02 fobour beot of eb 
BY Messrs. ‘THOMAS EVANS, AND I. K. ‘SILVERMAN 


Se 

‘Tuomas HL ‘Evans,’ Jun. Am. Soc. C E. (by letter) "—The problem 
_ determining, with some exactness, the stresses ina egrronainn y due to shrink a 


"grees with ‘author’s contention the stress is only two- dimen- : 
sional, it will not greatly affect the “philosophical picture” to consider it as 
such, The principal inaccuracy in the determination is ‘not in the method 


itself but, as Mr. Smits Points out, in the physical between th 


Provide a rational ‘first approximation to an “com plex stress dis- 

_ tribution. It s should be a distinct aid in supplementing the engineering 
_ As indicated by the author, the “membrane analogy” asa ‘supplement ‘to 
photo- elastic appears to have decided advantages over the method of 


> use of the n 
of the quantity, p +4 The accuracy of this method -how- 


ever, as the slope. of the membrane This occurs in regions of high 


“paper. Since have in such ‘regions than in 
others, it would be desirable to avoid effects of this limitation of the 

Another supplementary which seems to be sdaptable to all cases 


4 ist that -Proposed® by Professor V. Tesar. is a purely optical method 


requiring even less additional apparatus + ‘than the membrane analogy, and 
ts accuracy is independent of ‘the concentration of stress in the model. Its 


_ Norp.—The paper by Howard C. Smits, Esq., was published in May, 1935, Proceed- 
ings. This discussion is printed in Proceedings in order to bring the views ena i 
i * Asst. Prof. of Civ. Eng., Dept. of Eng., Univ. of 
* Received by the Secretary June 25, 1935. 
Journal, Franklin Inst., April, 1934. 
Revue @Optique, March, 1932. 
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fundamental principle i is the interference of light waves as they are reflected 


rom the bounding surfaces of a thin wedge of air. ~The surfaces | in this « case a 
are a face of the model and an o ptically flat glass. Changes in thickness i in 
he model (which are a function of the quantity, p “ q, cause corresponding - 
As 
variations: in the interference fringe pattern across the image of the model 
ona screen. These variations can can be and, therefore, (p + can 


to! (by letter).*—What would be the 


Jun. Am. 
ress pattern in the bakelite model of a triangular dam resting on a continu-— 
ous elastic foundation and subjected to shrinkage ? In this paper, Mr. Smits" 
has) described a conception of this phenomenon. His description of how the 
stresses might vary seems logical. Based on this preconceived picture, he 
roceeds to load his model so as to obtain this possible distribution of stress 
igs. 10 and presents curves: for the the resulting stress distribution 
ear the base. He has failed to show, however, that this is the only way this 


tress ‘pattern have been and, for this ‘Teason, , and for (others 


The author states that the the test ‘specimen 
‘chosen that the stress pattern would be a gauge e of 
oa “the degree of axial loading. | It is evident that i in choosing 


Re this type of specimen, he has clouded the stress distribution 


in the very region that he is examining. . The stress dis- 
- tribution i in any model is dependent to a high degree on “a 
6 - geometry. . From Fig. 8 the width of the strap is of the 
“same order of dimension as that of the’ base of the dam. 


For this reason the stress distribution of Fig. 7 may be far 
different from that in a model which is of the form shown 


peg e By means of Fig. 9 Mr. Smits has shown the accuracy 

obtained in “measuring ‘the stresses shown in Fig. It 


eer Bes would be interesting if, in his closing discussion, he would 


present curves similar to those of Fig. 9 for the resultant stress distribution 


* ioe We Fig. 10. Evidently, the total areas under these curves should be zero. 


Received by the Secretary August 8, 1935. girob. | 
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